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Foreword 



The twentieth century has witnessed immense progress in preventing and 
treating cardiovascular disease. This has been fostered by improvements in 
life-style [exercise and diet] and the introduction of new therapeutics [anti- 
hypertensive and lipid lowering drugs]. Nonetheless, cardiovascular disease 
remains a major cause of death and disability in developed countries and, 
increasingly so, in the developing world. This is driven in part by demo- 
graphics and the increase in longevity, and the obesity-metabolic syndrome- 
diabetes-atherosclerosis continuum that is reaching pandemic proportions. 
The hopes to address these issues using gene-therapy have faded over the past 
decade. Stem cell therapy, while scientifically exciting, is still in its infancy, so 
will be, in the near-term, a treatment for the privileged. Given its cost, this 
approach is likely to be inaccessible to most patients with cardiovascular 
disease, in particular those in the emerging countries. Accordingly, the dis- 
covery of novel targets involved in cardiovascular disease and the design of 
small molecules or biologies that interact with these sites still holds the 
greatest promise for treating large numbers of individuals afflicted with 
these conditions. 

Presented in this second volume of Cardiovascular Pharmacology are 
some further promising possibilities in that regard that focus on the pivotal 
role played by the endothelium in the genesis of vascular disease. There is a 
discussion of the renewed interest in the role of endothelin-1 in cardiovascu- 
lar function, an area that has been ignored of late because of the disappoint- 
ing initial clinical results with endothelin antagonists. 

Chapters are also devoted to describing the mounting evidence that 
arachidonic acid metabolites play a crucial role in the control of vascular 
function and its dysregulation. There is also coverage of studies of nitric 
oxide, the major endothelium-derived relaxing factor, with particular emphasis 
on the involvement of tetrahydrobiopterin as a cofactor in the release of this 
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gas, the potential of natural products to stimulate its production and augment 
its bioavailability, and the continuing problem of tolerance to nitrates. 

Contributors also consider new concepts relating to the impact of diabe- 
tes on vascular function. In addition, there is a summary of the complex 
actions of erythropoietin on the cardiovascular system that elegantly 
illustrates Paracelsus's observation that the dose makes the poison. 

I thank the contributors, all of whom are internationally recognized 
experts in the field, for their efforts in making this volume possible. Together 
with them, I sincerely hope these reports will be a source of inspiration, 
instruction, and ideas for graduate students, cardiovascular scientists, and 
physicians interested in the function and dysfunction of the heart and the 
blood vessel wall. Not only will attainment of these goals be personally 
satisfying for us, but it will hopefully provide a stimulus for further advances 
in this important area. 

Paul M. Vanhoutte, M.D., Ph.D. 

Department of Pharmacology and Pharmacy 

Li Ka Shing Faculty of Medicine 

The University of Hong Kong 

Hong Kong, China 
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*Department of Surgery, Montreal Heart Institute, Research Center, Universite de 

Montreal, Montreal, Quebec, Canada 
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The Cardiovascular Physiology and 
Pharmacology of Endothelin-I 



Abstract 



One year after the discovery in 1980 that the endothelium was obligatory 
for acetylcholine to relax isolated arteries, it was clearly shown that the endo- 
thelium could also promote contraction. In 1988, Dr Yanagisawa's group 
identified endothelin-1 (ET-1) as the first endothelium-derived contracting 
factor. The circulating levels of this short (21 amino acids) peptide were quickly 
determined in humans and it was reported that in most cardiovascular diseases, 
circulating levels of ET-1 were increased and ET-1 was then recognized as a 
likely mediator of pathological vasoconstriction in human. The discovery 
of two receptor subtypes in 1990, ET A and ET B , permitted optimization of 
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bosentan, which entered clinical development in 1993, and was offered to 
patients with pulmonary arterial hypertension in 2001. In this report, we 
discuss the physiological and pathophysiological role of endothelium-derived 
ET-1, the pharmacology of its two receptors, focusing on the regulation of the 
vascular tone and as much as possible in humans. The coronary bed will be used 
as a running example, but references to the pulmonary, cerebral, and renal 
circulation will also be made. Many of the cardiovascular complications asso- 
ciated with aging and cardiovascular risk factors are initially attributable, at 
least in part, to endothelial dysfunction, particularly dysregulation of the vas- 
cular function associated with an imbalance in the close interdependence of NO 
and ET-1, in which the implication of the ET B receptor may be central. 



I. Introduction 



The endothelium is an extraordinary organ that protects the arterial wall 
through the release of nitric oxide (NO) and prostacyclin (PGI2) among other 
factors (Furchgott & Zawadzki, 1980; Palmer etal., 1987). Before 1980, it was 
merely considered an inert barrier (Aird, 2007). The presence of an endotheli- 
um-derived constricting factor (EDCF) was hypothesized 1 year after the reve- 
lation of the relaxant properties of the endothelium (De Mey & Vanhoutte, 
1 982; Vanhoutte etal., 1986). But it was only 8 years later that Yanagisawa and 
colleagues identified the peptide endothelin-1 (ET-1 ) has this long-lasting EDCF 
(Yanagisawa et al., 1988a, 1988b). Two receptors for ET-1 were identified 
2 years later (Arai et al., 1990; Sakurai et al., 1990). Then, shortly after the 
discovery of ET A and ET B receptors, Martine Clozel and colleagues presented in 
1993 the first orally active ET-1 receptor antagonist, Ro 46-2005 (Clozel et al., 
1993), and the same team made a structurally modified analog, bosentan 
(Tracleer), available to patients with pulmonary arterial hypertension (PAH) 
at the end of 200 1 . In less than 1 5 years, a new factor was identified, its receptors 
were cloned and their pharmacology characterized, a pathology associated with 
the abnormal function of the ET-1 system, and an effective treatment offered to 
patients in need. Today, other ET receptor antagonists have been synthesized 
and are in development, all this being well reviewed recently (Kirkby et al., 
2008; Motte et al., 2006). There is still much to be discovered on the role and the 
mechanisms of action of ET- 1 . We focus in this chapter on the pharmacology of 
ET-1 and review the role of ET-1 on the vasculature with as much as possible 
references to the human pathophysiology. 



II. Cardiovascular Physiology of ET-1 



ET-1 is one of the most potent vasoconstrictors identified so far 
(Yanagisawa et al., 1988b) inducing prolonged contraction of isolated canine 
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and nonhuman primate coronary arteries with a half maximal effective con- 
centration (— log[EC5 ]) of 8. The potency of ET-1 is unequaled, with the 
exception of urotensin II (— log[EC 5 o] = 9.5; Douglas et al., 2000). ET-1 elicits 
its effects through two receptors (http://www.iuphar.org/): ET A receptors, 
located in vascular smooth muscle cells (VSMC) and cardiomyocytes, mediate 
contraction, whereas ET B receptors, located on vascular endothelial cells (EC), 
mediate dilation and ET-1 uptake, and regulate ET-1 production (Arai et al., 
1990; Barton & Yanagisawa, 2008; Brunner et al, 2006; Callera et al, 2007; 
Dupuis et al., 1997; Farhat et al., 2008; Komukai et al., 2010; Rubanyi & 
Polokoff, 1994; Sakurai et al., 1990; Sanchez et al., 2002). Additionally, ET B 
receptors can also be expressed on VSMC and elicit contractions (Sanchez 
et al., 2002; Teerlink et al., 1994). It is a known fact that ET-1 is released 
continuously, mostly from EC, by a constitutive pathway and contributes to 
the regulation of the vascular tone in general (Brunner et al., 2006; Callera 
et al., 2007; Rubanyi & Polokoff, 1994). NO, however, strongly inhibits the 
release of ET-1 from the native endothelium (Boulanger & Luscher, 1990; 
Luscher et al., 1990); for this reason, it has been suggested that NO and ET-1 
regulate each other through an autocrine feedback loop (Alonso & Radomski, 
2003; Luscher et al., 1990). In addition to EC, ET-1 is also produced by 
VSMC, cardiomyocytes, leukocytes, macrophages, various neurons, and 
other cells (Kedzierski & Yanagisawa, 2001). This peptide is also proinflam- 
matory and promotes VSMC proliferation (Anggrahini et al., 2009; 
Dashwood et al., 1998a; Davenport & Maguire, 2001; Ihling et al, 2001; 
Ivey et al., 2008; Ruschitzka et al., 2000). Thus, ET-1 contributes to the 
cardiovascular homeostasis by regulating basal vascular tone and remodeling 
(Brunner et al., 2006; Kedzierski & Yanagisawa, 2001). 

A. The ET- 1 System 

/. Endothelins and Their Receptors 

There are three isoforms of endothelin produced in humans, ET-1, ET-2, 
and ET-3 (Inoue et al., 1989a; Saida et al., 1989). They are encoded on 
chromosomes 6, 1, and 20, respectively (Inoue et al., 1989a). ET-1 binds ET A 
and ET B receptors with equal affinity, while ET A receptors have approxi- 
mately 100-fold less affinity for ET-3 than ET B receptors (Davenport, 2002). 
In addition, snake venom toxins called "sarafotoxins" have been identified 
by homology. Sarafotoxin 6c (S6c) is a selective ET B receptor agonist 
(Rubanyi & Polokoff, 1994). ET A and ET B receptors belong to the 7-trans- 
membrane domain (7-TM) family and are encoded by distinct genes on 
chromosomes 4 and 13, respectively (Sakurai et al., 1990). 

ET-1 is produced within the cell in two proteolytic steps from the pre- 
proET-1, a large precursor peptide of approximately 200 amino acid residues. 
First, a furin-like neutral endopeptidase cleaves the preproET-1 to bigET-1, an 
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inactive peptide of 41 amino acid residues (Denault et al., 1995; Laporte et al., 
1993). Second, bigET-1 is cleaved by the endothelin-converting enzymes 
(ECE-1 and ECE-2) to the biologically active ET-1, a 21 -amino acid residue 
peptide enclosed by disulfur bonds (Takahashi et al., 1993) mainly by EC 
(Inoue et al., 1989b). Some alternative pathways to ECE for the synthesis of 
ET-1 have been reported: a chymostatin-sensitive enzyme, such as chymase, 
and the matrix metalloproteinase 2 are able to convert bigET-1 to mature ET-1 
in human blood vessels (Maguire & Davenport, 2004; Maguire et al., 2001). 
The clearance of ET-1 from the circulation after an intravenous injection 
of radiolabeled ET-1 in rats is rapid (half-life of 40 s; Sirvio et al., 1990), 
while its pressor effect is long lasting (« 1 h at the doses administered) in man 
(Sirvio et al., 1990; Vierhapper et al., 1990). The majority of ET-1 is retained 
by the lungs and cleared from the circulation via binding to ET B receptors 
(Dupuis et al., 1996a, 1996b). 

2. Endothelin Receptor Ligands and Pharmacology: Emerging 
Concepts 

There is no selective agonist for the ET A receptor. ET-1 [1-31] has been 
shown to have more selectivity for ET A compared to ET B receptors (Rossi 
et al., 2002), but the 31-amino acid peptide has no direct pharmacological 
effects if not converted via a neutral endopeptidase-dependent mechanism to 
ET-1 [1-21] (Fecteau et al., 2005). Selective antagonists for the ET A receptor 
include ZD4054, atrasentan, darusentan, macitentan, ambrisentan, and 
sitaxsentan (Motte et al., 2006). 

In contrast to ET A receptors, selective ET B receptor agonists are available 
such as S6c and IRL-1620. Selective antagonists of the ET B receptors include 
BQ788, A192621, RES7011, and IRL2500 (Alexander et al, 2009). 

Because ET receptors are 7-TM receptors, their signal transduction 
(Fig. 1 ) was first interpreted as a sequential series of events initiated by the 
binding of the agonist on its receptor. This simplistic view had to be revised 
with the evidence that activation of a 7-TM receptor can activate simulta- 
neously multiple pathways (Watts, 2010) including some G-protein-indepen- 
dent pathways (Galandrin et al., 2007; Kenakin, 2007; Violin & Lefkowitz, 
2007). One well-known example is the activation of the angiotensin II (ANG 
II) receptor (AT X ): this receptor activates both G-protein-dependent path- 
ways (PLC, PKC, channels, etc.) and f3-arrestin-dependent pathways (inde- 
pendent of G proteins, i.e., the src/extracellular signal-regulated kinase/ 
mitogen-activated protein kinase pathway). ANG II activates both signaling 
pathways; however, the substituted ANG II peptide Sar 1 , He 4 , Ile 8 -ANG II 
(SII) almost exclusively activates the [3-arrestin-dependent pathways 
(Violin & Lefkowitz, 2007). SII is called a "biased agonist" since it activates 
a preferential signal transduction pathway. Other biased ligands to several 
7-TM receptors have been discovered (Gesty-Palmer et al., 2009; Rajagopal 
et al., 2010; Violin & Lefkowitz, 2007) including the P2-adrenergic receptor: 
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FIGURE I The pleiotropic nature of ET-1 receptor signaling. Schematic representation of the 
multiple pathways activated by 7-transmembrane ET A and ET B receptors either directly depen- 
dent on G protein activation or independent of G protein activation such as through direct 
interaction with (3-arrestin or PDZ-domain-containing proteins that can act as scaffolds. 
In addition, ET-1 may act as a bivalent ligand leading to both ETa and ET B receptor activation 
and possibly dimerization, although this remains to be demonstrated. The signaling pathways 
activated by either a bivalent ET-1 or a dimerization remain unexplored. Ga s /i/ / q /n, heterotri- 
meric G protein a subunits of different classes; p arr, p-arrestin; PKC, protein kinase C; Jak, Janus 
kinase; GIP, other GPCR interacting proteins; ERK, extracellular signal-regulated kinase; 
MAPK, mitogen-activated protein kinase. 



carvedilol, a p-adrenergic receptor antagonist, is able to stabilize a receptor 
conformation, which, although uncoupled from G s , is nonetheless able to 
stimulate p-arrestin-mediated signaling (Drake et al., 2008; Wisler et al., 
2007). Through the activation of ET A receptors, ET-1 stimulates both 
G-protein-dependent and independent pathways (Rosano et al., 2009; 
Spinella et al., 2009). It is therefore almost obvious that ET-1 acts as a biased 
ligand. This is also true for ET B receptors, since ET-1 induces internalization 
of ET B receptors and G-protein-dependent pathways (Farhat et al., 2008; 
Spinella et al., 2009). Are there specific conditions necessary to reveal the 
biased activation of ET A by ET-1 ? What would be the conditions for ET-1 to 
act like carvedilol does on the p-adrenergic receptor, that is, solely activate 
the P-arrestin-mediated signaling? Are there pathological conditions that 
may affect ligand binding and signal transduction? This is an extremely 
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important question because disease states or even aging alone could be 
responsible for changes in the microdomain such as lipid composition, 
influencing ligand binding, receptor dimerization (see later), and the 
subsequent signal transduction. It is known, for example, that oxidized 
low-density protein can change the microviscosity of the endothelium plasma 
membrane and alters signal transduction (Hamilton et al., 1994; Thorin 
et al., 1995). Much, however, needs to be understood from vascular primary 
cell cultures, isolated vessels, and in vivo preparations. 

Another recent change in the pharmacological concepts of receptor signal 
transduction has been introduced by the evidence that ET receptors can form 
heterodimers, forcing us to change the way we interpreted pharmacological 
signals (Dai & Galligan, 2006; Evans &c Walker, 2008a, 2008b; Gregan et al., 
2004; Sauvageau et al, 2006). This observation, however, remains to be 
translated into physiological significance. So far, heterodimer formation has 
been reported in heterologous cell preparations expressing ET A and ET B recep- 
tors. To the best of our knowledge, we reported the only evidence of potential 
heterodimers expressed in rat pulmonary arteries (Sauvageau et al., 2006); in 
these vessels, the pharmacology is complex and difficult to interpret using the 
classical pharmacological concept of sequential events since for the least, coop- 
eration between the two receptor subtypes exists. In addition, the pharmacolo- 
gy of ET receptors changes in pathological conditions such as experimental 
pulmonary hypertension in rats (Sauvageau et al., 2009). Although heterodimer 
formation of ET receptors is likely, the challenge will be to characterize their 
functions. Another level of complexity has been recently reached with the report 
that ET B and dopamine D 3 receptor heterodimerization (Yu et al., 2009; Zeng 
et al., 2008): the authors reported aberrant interactions between these two 
receptors in cultured renal proximal tubule cells with basal D 3 /ET B receptor 
coimmunoprecipitation three times greater in Wistar Kyoto rats (WKY) than in 
spontaneously hypertensive rats (SHR). In vivo, the D 3 receptor agonist 
PD128907 caused natriuresis in WKY, which was partially blocked by ET B 
receptor antagonism. In contrast, PD128907 blunted sodium excretion in SHR. 
The authors therefore speculated that there was interaction between the two 
receptors and that these heterodimers could be partly responsible for hyperten- 
sion in SHR. If these results can be confirmed in other settings, it will only 
confirm the complexity of the ET-1 system and offer alternative explanations to 
unexplained effects of ET-1 in the various systems tested. 

When trying to conceive a biological path linking two receptors as dimers, 
one cannot exclude the possibility that ET-1 is a bivalent ligand, capable of 
stimulating both receptors simultaneously and thus promoting dimerization of 
the receptors. This possibility was first proposed by Himeno and collaborators 
(Himeno et al., 1998), and it was based on the following observation: selective 
ET B receptor ligands such as S6c, IRL1620, and BQ-788 competitively inhib- 
ited 125 I-ET-1 binding only when BQ-123 (selective ET A receptor antagonist) 
was present in the incubation buffer. This therefore suggests that the ET B 
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receptor is capable of binding ET-1 when the ET A receptor is being occupied 
by BQ-123. A collaboration mechanism between the ET A and the ET B recep- 
tors may function in the recognition of ET-1, which is the qualification of a 
typical "bivalent" ligand. This could be at the basis of the formation of 
heterodimers at the surface of VSMC (Harada et al., 2002). Unfortunately, 
no other studies are available that could support this possibility. 

Finally, ET-1 can bind with high affinity a newly identified atypical rat 
receptor, the dual ET-l/ANG II receptor (DEAR) and induces a rise in intra- 
cellular Ca 2+ as efficiently as does ANG II (Ruiz-Opazo et al., 1998). The Dear 
gene maps to rat chromosome 2 and cosegregates with blood pressure in 
female F2(normotensive x hypertensive and salt-sensitive [RxS]) intercross 
rats with highly significant linkage (LOD 3.61) accounting for 14% of blood 
pressure variance. In Dear~'~ mice, angiogenesis is impaired, the neuroepithe- 
lial development dysregulated, and is lethal by embryonic day 12.5 (Herrera 
et al., 2005). Interestingly, mouse DEAR does not bind ANG II as the rat 
DEAR does, but binds ET-1 and the vascular endothelial growth factor 
(VEGF) signal peptide (VEGFsp) with equal affinities (Herrera et al., 2005). 
The hypertension susceptibility in female F2(R x S) intercross rats was vali- 
dated in humans, in a cohort from northern Sardinia (Glorioso et al., 2007). 
In the latter, the aiN,K-ATPase (ATP1A1) polymorphism was also tested and 
concordant with the rat data, and associated with Dear gene polymorphism, 
albeit in men (and not women). It is interesting that ATP1A1 and Dear are 
coexpressed in both renal tubular cells and vascular endothelium: it strongly 
suggests a role in the regulation of blood pressure for these two genes. Altered 
ATP1A1 and Dear functions in the endothelium could contribute, in combi- 
nation, to endothelial dysfunction through a putative imbalance of endothelial 
repair to turnover, because ATP1A1 is implicated in cell proliferation and 
Dear in angiogenesis. Likewise, ATP1A1 and Dear in renal tubular epithelial 
cells could affect sodium homeostasis, because ET-1 decreases renal Na, K- 
ATPase activity. Based on this observation, a net decrease in KT-1/Dear 
activation could result in greater renal Na + , K + ATPase activity and increased 
Na + reabsorption given the same sodium load, hence salt sensitivity. All these 
data come from one group of scientists, and the physiology and pharmacology 
of DEAR has not been studied in depth. We therefore do not know if ET-1 
binding site is sensitive to the classical small molecule ET receptor antagonists. 

Altogether, these data demonstrate that ET-1 effects are more complex 
than predicted so far: ET A and ET B receptor cooperation, heterodimeriza- 
tion, the newly discovered DEAR, and a possible bivalent ligand (Fig. 1 ) are 
possibilities that have not been fully explored. Based on our data in rat 
resistance pulmonary arteries (Sauvageau et al., 2006, 2007), we propose 
that ET A and ET B receptor heterodimerization is an important component in 
the pharmacological effects of ET-1, although no technique is yet available to 
evaluate the type of interactions that take place between the two receptors 
in vivo. 
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B. Cardiovascular Effects of ET- 1 



In the systemic and pulmonary circulation, ET A receptors are expressed 
in the VSMC (Hosoda et al., 1991), while both ET A and ET B receptors are 
expressed on the surface of VSMC (Ogawa et al., 1991) and EC (Davenport 
et al., 1993). Both receptors in VSMC induce contraction and cell prolifera- 
tion in the presence of ET-1 (Clozel et al., 1992; Docherty & MacLean, 1998; 
LaDouceur et al., 1993; MacLean et al., 1994; Shetty et al., 1993; Sumner 
et al., 1992). In EC, activation of ET B receptors activates the release of 
vasodilators and antiproliferative factors such as NO and PGI 2 (Clozel 
et al., 1992; de Nucci et al, 1988; Haynes & Webb, 1993; Muramatsu 
et al., 1999; Sato et al., 1995). The highest density of ET A /b receptors is 
found in the lungs and the heart (Simonson & Dunn, 1990). 

ET-1 rapidly increases intracellular Ca 2+ via activation of the phospho- 
lipase C that hydrolyzes phosphatidyl inositol trisphosphate (IP 3 ) and the 
neutral diacylglycerol (DAG) (Resink et al., 1988). This is followed by a 
sustained phase of Ca 2+ influx associated with activation of secondary 
multiple intracellular events at the basis of ET-1 -induced contraction, relax- 
ation, and secretion (Fig. 1). The rise in IP 3 induces a fast and transient 
increase in [Ca 2+ ] ; released from the reticulum, which is at the basis of the 
activation of membrane-bound channels leading to a sustained increase in 
[Ca 2+ ] ; (Chen & Wagoner, 1991). This leads to numerous signals associated 
with Ca 2+ -dependent pathways and Ca 2+ /calmodulin-dependent pathways 
(Fig. 1): this includes activation of chloride channels (Haynes & Webb, 
1993), the Na + /H + exchanger resulting in cellular alkalinization and Ca 2+ 
influx through the Na + /Ca + exchanger (Grinstein & Rothstein, 1986; Koh 
et al., 1990), activates Ca 2+ -induced Ca 2+ release from the reticulum via 
ryanodine receptors and Ca 2+ -activated K + channels (Bialecki et al., 1989; 
Nelson et al., 1995; Simpson & Ashley, 1989). In addition, DAG activates 
PKC, which leads to numerous intracellular events (Fig. 1) including mem- 
brane translocation and activation of phosphokinases (Newton & Keranen, 
1994), and damping of the Ca 2+ signal (Clerk et al., 1994). 

Endothelin receptors are also expressed on the nuclear membrane of VSMC 
and cardiomyocytes, increasing nuclear Ca 2+ concentration, and endogenous 
nuclear protein kinase activities (Bkaily et al., 2000; Boivin et al., 2003). 

/. The Endothelium-Dependent Responses to ET-1 

Although ET-1 is known as a potent vasoconstrictor, in healthy animals, 
in which low levels of blood ET-1 are measured, intracoronary injections 
of low doses of ET-1 induce a decrease in vascular resistance (Fig. 2): in 
anesthetized dogs, for example, an intracoronary bolus injection of S6c, a 
selective ET B receptor agonist, induces a decrease in coronary resistance for 
doses lower than 1 ^g (Teerlink et al., 1994). Likewise, the injection of ET-1 in 
isolated rat hearts leads to a drop in coronary perfusion pressure at low 
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FIGURE 2 Multiple effects of ET-1 in the cardiovascular system. Physiological responses are 
presented in italic and black while the responses associated to pathological conditions are in light 
grey (and in red in the online version). 



concentrations of ET-1 (Brunner et al., 2006). In coronary arterial rings 
isolated from young and healthy pigs, the activation of endothelial ET B 
receptors induces a significant relaxation (Climent et al., 2005) through the 
release of NO and PGI 2 (Callera et al., 2007; Rubanyi & Polokoff, 1994). 
In addition, we know that in the human forearm circulation, the increase in 
blood flow induced by ET A receptor blockade is blunted by ET B receptor 
antagonism and NOS inhibition (Verhaar et al., 1998), suggesting that endog- 
enous ET-1 exerts a dilatory tone by stimulating endothelial ET B receptors. 
Nonetheless, the dilatory role of ET B receptors is not significant in isolated 
human coronary arterial rings (Pierre & Davenport, 1998). However, such 
ex vivo studies are performed in human coronary vessels isolated from 
explanted hearts not of healthy subjects, but of patients undergoing cardiac 
transplantation for ischemic heart disease, vessels in which the expression of 
endothelial ET B receptors is limited, except in the neovascularization of the 
atherosclerotic plaque (Bacon et al., 1996), and with a pronounced endothelial 
dysfunction (Thorin, 2001). This suggests that in pathology the vasodilating 
effect of endothelial ET B receptor stimulation may be lost. Further data even 
suggest that in pathology, stimulation of endothelial ET B receptors might be 
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detrimental by inducing effects such as cell adhesion or contraction (Bergdahl 
et al., 2001; Schneider et al., 2007; Sen et al., 2009). 

One final argument supporting a dilatory effect of ET-1 on normal coro- 
nary arteries is that the basal production of ET-1 is five times greater toward 
the lumen than in the interstitial space (Brunner, 1995), which would favor 
ET B receptor stimulation on the endothelium, although other studies suggest, a 
polarized secretion of ET-1 toward the underlying VSMCs (Haynes & Webb, 
1994; Unoki et al., 1999). Data from the study of Brunner demonstrated that 
the concentration of free ET-1 in the cardiac interstitial fluid never goes higher 
than 1 pg/ml (0.4 pM) in healthy animals, which is below the coronary con- 
stricting tone, supporting a vasodilatory tone associated with the stimulation 
of the endothelial ET B autoreceptors in the heart, in physiological conditions. 

One should also not underestimate the importance of the concentration of 
ET-1 in determining the dilatory versus constricting coronary response, be- 
cause of the heterogeneous distribution of ET-1 receptors as illustrated in 
cerebral versus pulmonary arteries (Sauvageau et al., 2009). Saturation experi- 
ments using iodinated ligands, competition experiments, and reactivity studies 
using ET-1 receptor antagonists and autoradiography revealed that the expres- 
sion of ET A receptors is dominant compared to that of ET B receptors in the 
coronaries of explanted ischemic heart (Bacon & Davenport, 1996; Pierre & 
Davenport, 1998). The overall effects of ET-1 on vascular tone in vivo are the 
clear result of the balance between the contraction mediated by VSMC ET A 
and ET B receptors and the dilation mediated by endothelial ET B receptors 
(Callera et al., 2007; Thorin et al., 1999). This may explain that dual ET 
receptor antagonists such as bosentan or macitentan cause no vasodilation in 
healthy subjects but become vasodilators in pathological vascular beds. 

2. Smooth Muscle Contraction, Inflammation, and 
Vascular Diseases 

In rats, injection of bosentan, a dual ET A/B receptor antagonist, does not 
reduce blood pressure; after blockade of NO production, however, bosentan 
reduces blood pressure (Richard et al., 1995). This therefore suggests that 
NO inhibits ET-1 -dependent activity in vivo. Bosentan and BQ123 dilate 
isolated and pressurized rabbit mesenteric arteries in no-flow conditions 
whether or not NO synthase is blocked (Nguyen et al., 1999). In these latter 
conditions, however, one might expect a lower influence of NO on the 
regulation of the vascular diameter since shear stress is nil, therefore favoring 
the effects of endogenous constrictors such as ET-1. In rat isolated pulmo- 
nary arteries, the contraction induced by ET-1 is both ET A and ET B receptor 
dependent, while in rat cerebral arteries, it is mostly ETa receptor mediated, 
in agreement with the receptor expression profile in these arteries (Sauvageau 
et al., 2007, 2009). Coronary vessels, because of the ET-l/NO interdepen- 
dence and due to their unique hemodynamic features (see later), are very 
susceptible to higher circulating and locally produced ET-1. The coronary 
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endothelium is prone to dysfunction and highly sensitive to damage, which, 
with time, accumulates faster in the coronary than in other vascular beds. In 
addition, coronary endothelial dysfunction is associated with a decline in the 
contribution of NO in favor of a growing influence of ET-1 (Alonso & 
Radomski, 2003). Is the increased influence of ET-1 with time in the coro- 
nary bed only secondary to the loss of NO or is it due to a change in the ratio 
of ETa and ET B receptor expression? In any case, this supports the proin- 
flammatory and proconstricting role of ET-1 via its predominant activation 
on smooth muscle receptors (Griendling et al., 2000; Marsden & Brenner, 
1992; Sprague & Khalil, 2009), and could become the basis for the use of ET 
receptor antagonists to treat coronary artery diseases (CAD). 

In cultured cells, it has been shown that ET-1 mRNA is upregulated by 
inflammatory factors such as TGF-|3, TNF-a, interleukins, insulin, and ANG II, 
and downregulated by NO, PGI 2 , and shear stress (Boulanger & Luscher, 1990; 
Brunner et al., 1995; Kohno et al., 1992; Kourembanas et al., 1993; Maemura 
et al, 1992; Prins et al., 1994). When considering these regulatory mechanisms 
within the coronary circulation, shear stress is a key element and NO is the key 
effector (Liu & Gutterman, 2009). In contrast to other vascular beds, wall shear 
stress in coronary arteries is uneven during the cardiac cycle (Heusch, 2008) and 
mechanical stress is therefore greatest in the coronary circulation (Thorin & 
Thorin-Trescases, 2009). In turn, it is not surprising that the coronary circulation 
is the prime site for endothelial dysfunction. It has been reported that because of 
these unique physiological hemodynamic features, coronary arteries display an 
unusual gene pattern when compared to the aorta: a fivefold lower eNOS and a 
2.5-fold higher ET-1 mRNA expression (Dancu & Tarbell, 2007). Such a pattern 
predisposes coronary arteries to endothelial dysfunction and atherosclerosis. 
Therefore, based only on its physiological characteristics, the coronary circula- 
tion should be prone to an increased influence of ET-1 with age: the accumulation 
of age-related damages would favor ET-1 expression in contrast to that of eNOS 
and exacerbate endothelial dysfunction (Fig. 1). 

Patients with atherosclerosis have elevated plasma levels of ET-1, and an 
upregulation of ET-1 and its receptors has been described in atherosclerotic 
arteries and plaques (Barton & Yanagisawa, 2008; Dagassan et al., 1996; 
Fan et al., 2000; Lerman et al., 1991). BigET-1 and ET-1 immunoreactivity 
has been found in atherosclerotic regions (Dashwood et al., 1998b; Hasdai 
et al., 1997). These observations have led to the hypothesis that ET-1 may be 
associated with the pathogenesis of atherosclerosis (Dashwood & Tsui, 
2002; Ivey et al., 2008). In 1998, an important preclinical study (Barton 
et al., 1998) demonstrated that chronic ET A receptor inhibition improved 
aortic endothelial dysfunction and reduced the development of atherosclero- 
sis in ApoE knockout mice. Several studies have subsequently demonstrated 
the beneficial effects of acute intracoronary infusion of the ET A receptor 
antagonist BQ123 on coronary diameter and coronary flow in patients 
with CAD. When narrowing the analysis of the dilatory effects of BQ123 
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to angiographically normal vessels, vessels with plaques and at stenosis, a 
higher dilation was observed after intracoronary infusion of BQ123 
(40 nmol/min, for 60 min) in patients with CAD (Kinlay et al., 2001); in 
this study, compared with the dilation to nitroglycerin, ET-1 contributed to 
39% of coronary vasomotor tone in healthy and angiographically clean 
vessels, 74% of tone in CAD arteries, and 106% of tone at stenosis. The 
contribution of NO was, however, not determined: one would assume that 
the more severe the disease condition, the less NO would be produced, and 
the more ET-1 would contribute to tone. This hypothesis was tested in 44 
patients with CAD in a study published that same year: Halcox et al. 
provided the first evidence that ET-1, via ETa receptors, contributed to the 
reduction of endothelial dilatory function (Halcox et al., 2001). The greatest 
improvement associated with the intracoronary infusion of the ET A receptor 
antagonist was observed in patients with the greatest endothelial dysfunction 
as determined in the presence of acetylcholine (Halcox et al., 2001), suggest- 
ing that ET-1 contributes to the acute inactivation of NO. However, the 
tachyphylaxis of NO-dependent dilation occurring following systemic injec- 
tions of ET-1 could also explain the apparent inactivation of NO by ET-1 
(Le Monnier de Gouville et al., 1990); alternatively, we observed that chronic 
infusion of LU-135252 increased VSMC-sensitivity to NO, suggesting that 
ET-1 may regulate negatively the sensitivity of the soluble guanylate cyclase 
(Thorin et al., 2000). Both the selective ET A receptor (BQ123) antagonist and 
the combination of selective ET A (BQ123) and ET B receptor (BQ788) 
antagonists improved endothelium-dependent dilation in the coronary 
arteries of patients with CAD (Bohm et al., 2008). In agreement with these 
data, using isolated human coronary arteries from idiopathic and atheroscle- 
rotic cardiomyopathic hearts, we demonstrated that ET-1-dependent con- 
strictions became more pronounced when the endothelial function was 
altered (Thorin et al., 1999). Recently, a work by Dr Lerman's group 
(Reriani et al., 2010) showed that a chronic (6 months) treatment of patients 
with premature atherosclerosis with the ETA receptor antagonist atrasentan 
(10 mg/day) improves coronary endothelial function. Taken together, these 
data strongly suggest that ET-1 contributes to inactivate the dilatory function 
of the endothelium in the coronary arterial bed. Hence, the functional con- 
tribution of ET-1 is precocious and appears to rise with the severity of CAD. 
ET-1, at low concentrations, potentiates coronary contractile responses 
to other vasoconstrictor substances such as norepinephrine and serotonin 
(Garcia-Villalon et al., 2008; Rubanyi & Polokoff, 1994; Thorin et al., 
1998). In human cerebral arteries, a reduction in endothelium-derived ET-1 
accounts for the dilatory effects of endothelial a 2 -adrenergic receptor stimu- 
lation (Thorin et al., 1998). Consequently, even subthreshold concentrations 
of ET-1 may regulate vascular tone and reactivity in conditions where NO 
production is reduced, that is, with age and in patients presenting with risk 
factors for cardiovascular diseases. 
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The potential physiological roles of ET B receptors, in addition to acting as 
clearance receptors for ET-1 and stimulating NO release, remain poorly under- 
stood. This is likely due to the limited final effects of the stimulation of endothe- 
lial ET B receptors on the in vitro vascular function and the possible change in the 
expression of ET-1 receptors during the development of pathologies as evi- 
denced in pulmonary hypertension (Sauvageau et al., 2009). A change in 
receptor expression is likely to change the pharmacology of the system. The 
consequences of receptor inhibition in young and healthy subjects or in old and 
diseased patients should obviously be different. Since most clinical data have 
been collected in an elderly population most likely showing some degree of 
endothelial dysfunction, it is quite possible that our understanding of ET-1 
function as a proconstrictor and proinflammatory factor is only a reflection of 
these data and experimental environment, and thus may not illustrate the effects 
of ET-1 in young and healthy subjects. In support of this statement, the induc- 
tion of endothelial damage eliminates ET B -receptor-dependent relaxation in pig 
coronary arteries (Climent et al., 2005). The seminal demonstration that acetyl- 
choline induces a contraction of coronary arteries in patients with CAD, but a 
dilation otherwise (Ludmer et al., 1986), is a good example of such a case. 

Therefore, based on the literature reviewed so far, one can infer that at 
physiological and low concentrations, ET-1 predominantly induces dilations, 
while at pharmacological concentrations it induces contractions. The impact of 
the inevitable endothelial dysfunction when using isolated arteries from 
explanted human hearts may have led researchers to underestimate the endothe- 
lial dilatory component of ET-1. The production of NO may be reduced, but an 
alternative explanation may be the loss of coupling between the ET B receptor and 
the NO pathway without affecting the ability of NO to clear ET-1 from the 
circulation. For example, acetylcholine induces a contraction of coronary vessels 
isolated from patients with ischemic heart disease, but substance-P still produces 
near-maximal relaxation by stimulating NO production (Thorin, 2001). 
A change in the expression or coupling of the endothelial ET B receptor cannot 
be excluded in an elderly population ( > 65 years of age) and in patients with CAD. 

3. Pulmonary Circulation 

The pulmonary circulation is highly susceptible to elevated levels of ET-1 
which have been associated with PAH (Stewart et al., 1991). Circulating levels of 
ET-1 are a good marker of disease severity (pulmonary vascular resistance, right 
atrial pressure, and pulmonary artery oxygen saturation) and predict poor prog- 
nosis (Stewart et al., 1991). Upregulation of ET-1 production by the lungs and 
changes in ET receptor expression could be at the basis of the dysregulation and 
PAH (Sauvageau et al., 2009; Takahashi et al., 2001). In animal models of PAH, 
both dual antagonists of ET A and ET B receptors (bosentan) and selective ET A 
receptor antagonists (sitaxsentan, atrasentan, TBC-3711) are effective in reduc- 
ing pulmonary artery resistance and inhibiting vascular remodeling. In humans, 
both types of antagonists are used (Kirkby et al., 2008; Motte et al., 2006). 
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Bosentan (Tracleer) was approved for the treatment of PAH in 2001 
based on two clinical trials, "Study 351" with 32 class III patients with 
idiopathic PAH or associated with systemic sclerosis (Channick et al., 
2001) and the important BREATHE-1 study that included 150 patients 
with idiopathic PAH, 47 with systemic sclerosis-associated PAH, and 16 
with systemic lupus erythematosus-associated PAH (Rubin et al., 2002). In 
the latter study, bosentan improved exercise capacity, the functional class, 
and increased the time to clinical worsening. Sitaxsentan was approved for 
treatment of PAH in 2006 based on the STRIDE-1 results (Barst et al., 2004). 
Recently, ambrisentan has been approved for the treatment of PAH (Galie 
et al., 2008). No clinical advantages have been demonstrated between dual 
ET receptor antagonist and selective ET A receptor antagonists. 

4. Cardiac Myocyte Function and Heart Failure 

ET-1 has positive cardiac inotropic effects in healthy animals and humans 
(Kang & Walker, 2006; Katoh et al., 1998; Kelly et al., 1990; Li et al., 1991; 
Pieske et al., 1999), but not in failing human hearts (MacCarthy et al., 2000; 
Pieske et al., 1999). ET-1 enhances myocyte contractility by activating ET A 
receptor-phospholipase Cp-PKCs signaling complexes preferentially loca- 
lized in cardiac T-tubules (Robu et al., 2003). It has been shown that ET-1 
is devoid of any significant effects on basal L-type Ca 2+ channel activity, but 
exerts a potent inhibitory effect against isoprenaline-enhanced L-type Ca 2+ 
channel current (He et al., 2000; Watanabe & Endoh, 2000). This effect 
is mediated through ETa receptors coupled to pertussis toxin-sensitive 
G proteins (He et al., 2000; Thomas et al., 1997). 

As mentioned earlier, ET-1 has growth-promoting effects (Inada et al., 
1999). Because there is a correlation between ventricular mass and ET-1 concen- 
tration in the blood, it is possible that ET-1 contributes to the ventricular 
hypertrophy in patients with ischemic heart failure and dilated cardiomyopathy 
(Tsutamoto et al., 2000) and in rats following coronary artery ligation 
(Loennechen et al., 2001). ET-1 also promotes sympathetic tone, especially in 
heart failure as demonstrated in rabbits (Liu et al., 2001) and dogs (McConnell 
et al., 2000). This may partly explain the proarrhythmic effects of ET-1 (Burrell 
et al., 2000; Yorikane & Koike, 1990; Yorikane et al, 1990), while circulating 
levels of ET-1 have been associated with arrhythmia in patients with decom- 
pensated heart failure (Aronson & Burger, 2003a, 2003b; Aronson et al., 2001). 

5. Renal Effects of ET-1 

The effects of ET-1 on the kidney are complex. Exogenous administration 
of ET-1 induces a vasoconstriction in the renal cortex and a vasodilatation in the 
medulla (Rubinstein et al., 1995). The latter is mediated by ET B receptors while 
the former is dependent on both ET A and ET B receptor activation (Dhaun et al., 
2006). Acutely, selective ET A receptor antagonism with BQ123 reduced blood 
pressure, proteinuria, and pulse wave velocity on top of standard treatment in 
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patients with nondiabetic chronic kidney diseases (Dhaun et al., 2009). 
In diabetic patients with chronic kidney disease, however, chronic ET A receptor 
antagonism with avosentan is deleterious due to fluid overload and congestive 
heart failure (Mann et al., 2010). In the inner-medullary-collecting duct of mice, 
ET-1 induces an autocrine natriuretic and diuretic effect which seems mediated 
by ET B receptors, since specific inner-medullary-collecting duct deletion of ET B 
but not ET A receptors leads to salt-sensitive hypertension (Bagnall et al., 2006; 
Ge et al., 2006). However, the renal effects of ET B receptor antagonism or 
deletion are inhibited by ET A receptor antagonism, showing that it is the 
reactive increase in ET-1 acting on ET A receptors, not the deletion of ET B 
receptors per se, which is responsible for hypertension and tissue injury 
(Matsumura et al., 2000). Dual ET antagonists seem to give very low rates of 
fluid retention and edema in the clinical setting. In PAH clinical trials with 
Tracleer, combined adverse events of fluid retention or edema were reported in 
1.7% (placebo-corrected) of patients (Tracleer US package insert, 2009). In a 
Phase II study in hypertensive patients, the novel dual ET antagonist macitentan 
did not cause peripheral edema (Press release Actelion Dec 2006). It is therefore 
possible that ET receptor antagonists can be used safely in patients with renal 
diseases, but this remains to be validated in a proper clinical trial. 



III. Conclusion 



Numerous clinical developments are ongoing with ET receptor antago- 
nists (Aubert & Juillerat-Jeanneret, 2009). Our understanding of receptor 
pharmacology in general is changing with the appearance of new concepts 
including dimerization and G-protein-independent signaling. These changes 
apply to ET-1 and its receptors. One major weakness, however, which applies 
to many other pharmacological systems, is our lack of knowledge of the 
evolution of ET-1 and its receptors in the aging human and how this influences 
cardiovascular function in combination with risk factors for cardiovascular 
diseases. The critical role for ET-1 in controlling cardiovascular function is 
evident by the fact that its clinical importance was established within a few 
years after its discovery. It is likely that work in this area will continue to yield 
novel therapies for the treatment of cardiovascular disease. 
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Abbreviations 

7-TM 7-transmembrane domain 

ANG II angiotensin II 

EDCF endothelium-derived constricting factor 

ET-1 endothelin-1 

GPCR G protein-coupled receptor 

PAH pulmonary arterial hypertension 

PGI 2 prostacyclin 

S6c sarafotoxin 6c 
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Vascular Pharmacology of 
Epoxyeicosatrienoic Acids 



Abstract 



Epoxyeicosatrienoic acids (EETs) are cytochrome P450 metabolites of 
arachidonic acid that are produced by the vascular endothelium in responses 
to various stimuli such as the agonists acetylcholine (ACH) or bradykinin or by 
shear stress which activates phospholipase A 2 to release arachidonic acid. EETs 
are important regulators of vascular tone and homeostasis. In the modulation of 
vascular tone, EETs function as endothelium-derived hyperpolarizing factors 
(EDHFs). In models of vascular inflammation, EETs attenuate inflammatory 
signaling pathways in both the endothelium and vascular smooth muscle. 
Likewise, EETs regulate blood vessel formation or angiogenesis by mechanisms 
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that are still not completely understood. Soluble epoxide hydrolase (sEH) 
converts EETs to dihydroxyeicosatrienoic acids (DHETs) and this metabolism 
limits many of the biological actions of EETs. The recent development of 
inhibitors of sEH provides an emerging target for pharmacological manipula- 
tion of EETs. Additionally, EETs may initiate their biological effects by inter- 
acting with a cell surface protein that is a G protein-coupled receptor (GPCR). 
Since GPCRs represent a common target of most drugs, further characterization 
of the EET receptor and synthesis of specific EET agonists and antagonist can be 
used to exploit many of the beneficial effects of EETs in vascular diseases, such 
as hypertension and atherosclerosis. This review will focus on the current 
understanding of the contribution of EETs to the regulation of vascular tone, 
inflammation, and angiogenesis. Furthermore, the therapeutic potential of 
targeting the EET pathway in vascular disease will be highlighted. 



I. Introduction 



Epoxyeicosatrienoic acids (EETs) play a pivotal role in numerous cellular 
processes involved in vascular function, including vasodilation and inflam- 
mation. The multifunctional nature of EETs underlies the importance of 
these compounds in cardiovascular disease. This review will focus on the 
current understanding of the contribution of EETs to the regulation of 
vascular tone, inflammation, and angiogenesis. Furthermore, the therapeutic 
potential of targeting the EET pathway in vascular disease will be high- 
lighted. 



II. Biochemistry 



In endothelial cells, arachidonic acid is metabolized by the cyclooxygen- 
ase (COX), lipoxygenase, and cytochrome P450 (CYP) epoxygenase path- 
ways (Rosolowsky & Campbell, 1993, 1996). The epoxygenase pathway 
leads to the formation of four regioisomeric EETs, 14,15-EET, 11,12-EET, 
8,9-EET, and 5,6-EET (Fig. 1; Capdevila et al., 1981; Zeldin, 2001). The 
EETs are released by endothelial cells in response to receptor agonists such as 
acetylcholine (ACH) or bradykinin to function as autocrine and paracrine 
hormones (Campbell et al., 1996a; Fisslthaler et al., 2001; Gauthier et al., 
2005; Huang et al., 2005; Nithipatikom et al., 2000). The relative abundance 
of each EET regioisomer differs among vascular beds depending on which 
CYP isoforms are expressed, as each CYP isoform generates its own unique 
profile of EET regioisomers. While many CYP isozymes have been identified 
in blood vessels, endothelial CYP2C8/2C9 and CYP2J2 function in 
humans to produce mainly 14,15-EET, with lesser amounts of 11,12-EET 
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FIGURE I Overview ofEET biosynthesis and metabolism. Arachidonic acid is metabolized 
by cytochrome P450 (CYP) epoxygenases to produce epoxyeicosatrienoic acids (EETs). There 
are four EET regioisomers which vary with the placement of the epoxide group. They include 
5,6-, 8,9-, 11,12-, and 14,15-EET. EETs are esterified to cellular membrane phospholipids 
following chain elongation, metabolized by p-oxidation to shorter carbon chain molecules 
or metabolized by soluble epoxide hydrolase (sEH) to their corresponding vicinal diols, 
the dihydroxyeicosatrienoic acids (DHETs). DH-EET, dihomo-EET; EHDD, epoxyheptadeca- 
dienoic acid. 

(Wu et al., 1996; Zeldin, 2001; Zeldin et al., 1995). No EET production is 
detected in smooth muscle (Campbell et al., 2006). 

The EETs are rapidly taken up by vascular cells and metabolized by 
soluble epoxide hydrolase (sEH) to form dihydroxyeicosatrienoic acids 
(DHETs) (Fig. 1; Spector & Norris, 2007; Spector et al., 2004). The DHETS 
are generally less bioactive than their corresponding EETs. Alternatively, 
EETs undergo secondary metabolism or p-oxidation, forming 16-carbon 
epoxy-derivatives that accumulate in the extracellular fluid, and they can 
be chain elongated to form 22-carbon la-ip-dihomo derivatives that are 
incorporated into phospholipids (Fig. 1; Fang et al., 2002). Understanding 
the chemical and biochemical mechanisms that contribute to EET function 
will play an important part in the future design of drugs that act through the 
EET pathway. This topic is discussed in more detail below. 



III. EETs and Vascular Tone 



One of the early descriptions of a biological action of the EETs was as 
vasodilators in the intestinal microcirculation (Proctor et al., 1987). This origi- 
nal observation eventually led to the identification of EETs as endothelium- 
dependent hyperpolarizing factors (EDHFs) (Figs. 2 and 3) (Archer et al., 2003; 
Campbell et al., 1996a; Coats et al., 2001; Gauthier et al, 2005; Huang et al., 
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2005; Miura et al., 2001; Popp et al., 1998). There is a plethora of studies in 
humans and animals that support this observation and the topic is the focus of a 
number of recent reviews (Campbell & Fleming, 2010; Imig & Hammock, 
2009; Revermann, 2010; Sudhahar et al., 2010). Key aspects are highlighted 
below. 

A. Experimental Evidence 

In response to chemical or physical stimuli such as ACH, thrombin, 
bradykinin, and fluid sheer stress, vascular endothelial cells regulate the 
tone of the underlying smooth muscle by producing and releasing various 
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FIGURE 2 Chemical structures of epoxyeicosatrienoic acid (EET) agonists, an EET agonist/sEH 
inhibitor and EET antagonists. mSI, methylsulfonamide; EE-8Z-E, epoxyeicosa-8Z-enoic acid; 
EE-5Z-E, epoxyeicosa-5Z-enoic acid; E-8Z-E, eicosa-8Z-enoic acid; sEH, soluble epoxide hydrolase; 
MS-PPOH, N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide. 
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FIGURE 3 Proposed mechanisms of epoxyeicosatrienoic acid (EET)-mediated hyperpolari- 
zation and relaxation. Stimulation by bradykinin, acetylcholine, or shear activates phospholipase 
in endothelial cell membranes to elicit the release of arachidonic acid. Arachidonic acid is 
metabolized by cytochrome P450 (CYP) epoxygenases of the 2C and 2J families to EETs. 
EETs diffuse to the smooth muscle cell to induce membrane hyperpolarization via activation of 
large conductance, calcium-sensitive potassium (BK Ca ) channels. This causes K efflux, an 
increase in membrane potential (£ m ) or hyperpolarization and relaxation. EETs also act intra- 
cellularly in endothelial cells to promote Ca efflux through transient receptor potential (TRP) 
channels. Calcium activates small conductance (SK) and intermediate conductance (IK) Kc a to 
cause hyperpolarization. Endothelial hyperpolarization spreads to the smooth muscle cell via gap 
junctions. R, putative EET receptor; Gs, stimulatory guanine nucleotide-binding protein. 



relaxing and contracting factors (Cohen & Vanhoutte, 1995; Feletou & 
Vanhoutte, 2006; Fleming & Busse, 2006; Furchgott & Vanhoutte, 1989; 
Furchgott & Zawadzki, 1980). The relaxing factors are the COX metabolite, 
prostacyclin (PGI2), endothelium-derived relaxing factor identified as nitric 
oxide (NO), and EDHFs. EDHF was originally described as an endothelial 
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factor that hyperpolarized the membrane of the underlying vascular smooth 
muscle. Hyperpolarization was mediated by the opening of potassium (K) 
channels because it was inhibited by increased extracellular K concentration 
and K channel blockers (Adeagbo & Triggle, 1993; Cohen & Vanhoutte, 
1995). Inhibitors of NO synthase (NOS) or COX do not block hyperpolar- 
izations. PGI 2 , NO, and EDHF serve the same function to dilate the blood 
vessels in response to agonists, and to physical forces. These dilators antago- 
nize the activity of vasoconstrictors and maintain organ blood flow. The 
activity of NO differs from EDHF along the vasculature. Endothelium-de- 
pendent dilation to NO is greatest in large arteries, whereas EDHF has its 
greatest effect in small arteries and arterioles (Nagao et al., 1992; Nishikawa 
et al., 1999). While a number of compounds have been proposed as media- 
tors of EDHF activity, there is convincing evidence that EETs and EDHF 
have identical properties. Both are produced by the endothelium and open K 
channels, hyperpolarize, and relax smooth muscle. Similar to EDHF, EETs 
are more potent in relaxing small coronary arteries than large arteries 
(Campbell et al., 1996b; Oltman et al., 1998). While the primary role of 
the EETs is vasodilation in most vascular beds, EETs cause vasoconstriction 
in the pulmonary artery (Kerseru et al., 2008; Moreland et al., 2007; Zhu 
et al., 2000). The exact mechanism of the vasoconstriction has not been 
elucidated and remains a focus for future studies. 

In a number of different vascular beds from a variety of species, 
endothelium-dependent vasodilator responses to arachidonic acid, ACH, or 
bradykinin that are not blocked by NOS and COX inhibitors are blocked by 
inhibitors of CYP, the enzyme responsible for EET synthesis. EETs were 
more completely characterized as EDHFs using bovine and porcine coronary 
arteries (Campbell et al., 1996a; Fisslthaler et al., 1999). The four regioiso- 
meric EETs relaxed bovine coronary arteries in a concentration-related man- 
ner. Significant relaxations to the EETs occurred with nanomolar 
concentrations and were blocked by the K channel blockers TEA and char- 
ybdotoxin, and high K. When membrane potential (E m ) of coronary arterial 
vascular smooth muscle was measured, 11,12-EET caused membrane hyper- 
polarization. This hyperpolarization was also blocked by iberiotoxin. Simi- 
larly, others showed that in human coronary and internal mammary arteries, 
11,12-EET relaxed and hyperpolarized the smooth muscle, and these effects 
were blocked by the K channel blocker iberiotoxin (Archer et al., 2003; 
Larsen et al., 2005). Additionally, arachidonic acid, bradykinin, and metha- 
choline hyperpolarized the smooth muscle of endothelium-intact coronary 
arteries, and CYP inhibitors blocked the hyperpolarizations. Antisense oli- 
gonucleotides against CYP2C inhibited the relaxations and hyperpolariza- 
tions to bradykinin, whereas sense and scrambled oligonucleotides were 
without effect (Fisslthaler et al., 1999). This inhibition by the antisense 
oligonucleotides was accompanied by a reduction of the expression of 
CYP2C. Arachidonic acid and methacholine stimulated the release of EETs 
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from perfused coronary arteries and coronary endothelial cells. Identical 
results were obtained with human internal mammary arteries (Archer et al., 
2003). Related studies were performed with bradykinin in bovine and 
porcine coronary arteries and human internal mammary arteries (Archer 
et al., 2003; Campbell et al., 2001; Hecker et al., 1994; Weston et al., 
2005). CYP inhibitors attenuated relaxations and hyperpolarization by bra- 
dykinin. Taken collectively, these studies indicate that the hyperpolarizations 
and relaxations to methacholine and bradykinin are mediated by the EETs. 
Furthermore, in arteries from experimental animals and humans, physical 
forces such as shear stress and increased flow caused endothelium-dependent 
relaxations that were reduced, but not blocked, by inhibitors of NOS and 
COX (Gauthier & Campbell, 2006; Huang et al., 2005; Miura et al., 2001; 
Popp et al., 1998). The non-NO, non-PG-dependent relaxations were 
blocked by CYP inhibitors and were associated with the release of EETs. 
While the non-NO-, non-PG-mediated relaxations to ACH were greater in 
vessels from females compared to males, few studies have measured 
responses in the presence of CYP inhibitors or EET antagonists 
(McCulloch & Randall, 1998; Scotland et al., 2005; Tagawa et al., 1997; 
White et al., 2000; Woodman & Boujaoude, 2004). Additional studies are 
necessary to establish the exact role of gender in EET-mediated regulation of 
vascular tone. 

For EETs to be considered important in the regulation of vascular tone, 
EETs should function as EDHF in intact animals. In the microcirculation of 
anesthetized dogs, bradykinin and ACH caused non-NO, non-PG-mediated 
relaxations that were blocked by high extracellular K and iberiotoxin indi- 
cating a role of an EDHF in mediating the dilation (Nishikawa et al., 1999, 
2000; Watanabe et al, 2005; Widmann et al., 1998). They were also 
blocked by the CYP inhibitors, miconazole and metyrapone. Similarly, fol- 
lowing COX and NOS inhibition, arachidonic acid induced dilation 
of coronary microvessels. These dilations were blocked by K channel 
blockers and a CYP inhibitor suggesting that a CYP metabolite of arachido- 
nic acid functions as EDHF in the canine coronary circulation. Using intravi- 
tal microscopy of cremaster arterioles from conscious hamsters to measure 
changes in vessel diameter, high concentrations of ACH induced a dilation 
that was not altered by NOS and COX inhibitors (Watanabe et al., 2005). 
However, the relaxations were completely blocked by the elevation of 
extracellular K. Likewise, treatment with the CYP inhibitor, sulfaphenazole 
attenuated the non-NO, non-PG, ACH-induced relaxations. EET-mediated 
dilations were also demonstrated in vivo in canine coronary and kidney 
arterioles, hamster cheek pouch arterioles, rat cremaster arterioles, rat 
mesenteric and hind limb, and sciatic nerve circulations (Chu et al., 2000; 
Loeb et al., 1997; Matsuda et al., 2004; Nishikawa et al., 1999; Oltman 
et al., 1998, 2001; Parkington et al., 2002; Thomsen et al, 2000; Welsh and 
Segal, 2000). 
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The topic of EDHF in the regulation of vascular tone in humans was 
recently reviewed (Bellien et al., 2008a) with a careful evaluation of data 
implicating a specific role of EETs. To summarize, ex vivo studies in isolated 
arteries and a small number of in vivo studies in humans provide evidence that 
EETs may function as EDHF (Archer et al, 2003; Bellien et al, 2008b, 2010; 
Hatoum et al, 2005; Kemp and Cocks, 1997; Larsen et al., 2005, 2008; Lenasi, 
2009; Lenasi and Strucl, 2008; Taddei et al, 2006; Virdis et al., 2010). In the 
isolated vessel studies, the existence of a CYP-related EDHF has been clearly 
reported for the human coronary arterioles, internal mammary artery, and 
radial artery. While in vivo data for EET-mediated vasodilation in humans 
are understandably limited, there is strong evidence to support an in vivo role of 
EETs as EDHF. Intra-arterial infusions of bradykinin induced increases in 
forearm blood flow in human subjects treated with the COX inhibitor, aspirin, 
and the NOS inhibitor, N(G)-monomethyl-L-arginine (LNA). These non-PG, 
non-NO increases in blood flow were blocked by potassium chloride infusion 
or TEA and inhibited by CYP inhibitor miconazole (Halcox et al., 2001; 
Honing et al, 2000). Forearm blood flow response to ACH or bradykinin 
has been compared in normotensive and essential hypertensive patients (Taddei 
et al., 2006). In normotensive subjects, vasodilation to ACH and bradykinin 
was blunted by NOS inhibition but not by the CYP 2C9 inhibitor sulfaphena- 
zole. In contrast, in the hypertensive patients, the vasodilator responses to the 
agonists were reduced compared with the normotensive group. More interest- 
ingly, the relaxation responses in the hypertensive group were resistant to NO 
inhibition but were blunted by CYP inhibition. These findings suggest that 
EETs sustain endothelium-dependent vasodilation in hypertension. A similar 
compensatory role for EETs may exist in patients with congestive heart failure 
(Katz and Krum, 2001 ). Forearm blood flow responses to ACH were decreased 
by COX and NOS inhibition in the normal subjects but not in patients with 
congestive heart failure. While the effect of a CYP antagonist was not tested, the 
results again suggest the presence of a non-PG, non-NO relaxing factor that 
participates in the regulation of forearm blood flow in humans. More recently, 
EETs regulate arterial stiffness during changes in blood flow (Bellien et al., 
2010). Heating the skin of the hand increases blood flow by promoting the 
release of vasorelaxing factors which decrease isometric tone and wall stiffness. 
The NOS inhibitor, LNA partially inhibited the increase in blood flow. The 
remaining blood flow increase was completely prevented with TEA and the 
CYP inhibitor fluconazole. Therefore, in human peripheral conduit arteries, 
the adaptation of smooth muscle tone and arterial stiffness during blood flow 
variations is regulated by the vascular endothelium through the release of both 
NO- and CYP-mediated EDHF. 

In summary, EETs derived from endothelial CYP epoxygenases are diffus- 
ible vasodilator factors that act by hyperpolarizing vascular smooth muscle 
cells. Experiments performed both in vitro and in vivo in animals and humans 
support the contribution of EETs to endothelium-dependent relaxations. 
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B. Mechanism of Action 

All four EET regioisomers, 14,1-5-, 11,12-, 8,9-, and 5,6-EET, equipo- 
tently relax bovine and canine coronary arteries (Campbell et al., 1996a; 
Rosolowsky and Campbell, 1993). This suggests that the position of the 
epoxy group is not critical for relaxation in these arteries. Alternatively, 
5,6-EET is more active than the other EET regioisomers in relaxing rat-tail 
arteries, rabbit and pig cerebral arteries, and rat renal arteries (Carroll et al., 
1987; Ellis et al, 1990; Leffler and Fedinec, 1997; Pomposiello et al., 2003). 
Therefore, regioisomer specificity of EET-induced relaxations varies with 
species and vascular bed. Structural modifications aimed specifically to char- 
acterize the molecular components critical for EET dilator activity and to 
identify analogs with EET-specific antagonist properties have been reported 
for 14,15-EET (Fig. 3; Chen et al., 2009; Falck et al., 2003a, 2009; Gauthier 
et al, 2002, 2003a, 2004; Yang et al., 2007, 2008). 14,15-EET analogs, with 
modifications in the epoxy and carboxyl groups, deletions of the double 
bonds, and variations in the carbon chain length, were synthesized and tested 
for their ability to cause relaxation. Specific structural features were identi- 
fied for full agonist activity: an acidic group at carbon-1, a 20 carbon 
backbone, a A8 double bond, and a 14(S),15(R)-cis epoxide (Falck et al., 
2003a). Thus, the basic full agonist was 14(S),15(R)-(cz's)-epoxyeicosa-8Z- 
enoic acid (14,15-EE-8Z-E). Addition of a methylsulfonamide (mSI) group to 
carboxyl of 14,15-EET reduced its metabolism by (3-oxidation and incor- 
poration into membrane phospholipids (Gauthier et al., 2003a). More 
recently, Falck et al. have developed chimeric analogs which are capable of 
functioning as stable 14,15-EET surrogates and inhibitors of sEH (Falck 
et al., 2009). Having analogs that limit 14,15-EET auto-oxidation and 
metabolism to inactive DHETs by sEH will increase the potential therapeutic 
applications of these drugs. 

Analogs with low agonist activity were tested for their ability to inhibit 
EET-induced relaxations (Falck et al., 2003a; Gauthier et al., 2003b). 14,15- 
Epoxyeicosa-5Z-enoic acid (14,15-EE-5Z-E) inhibited the relaxations to 
14,15-, 11,12-, 8,9-, and 5.6-EET; however, it was most active in inhibiting 
14,15-EET. The non-PG-mediated relaxations to arachidonic acid were also 
blocked by 14,15-EE-5Z-E (Fig. 2). In contrast, it did not alter the relaxations 
to the NO donor sodium nitroprusside, the PGI2 analog iloprost, or the K 
channel openers bimakalim and NS1619. Thus, 14,15-EE-5Z-E is a selective 
EET antagonist that does not inhibit other endothelial factors or K channels 
(Gauthier et al., 2002). 14,15-EE-5Z-E-mSI inhibited relaxations to 14,15- 
and 5,6-EET but not to 11,12- or 8,9-EET (Gauthier et al., 2003a). 14,15-EE- 
5Z-E-mSI did not alter the relaxations to sodium nitroprusside, iloprost, 
bimakalim, or NS1619 and did not affect the metabolism of arachidonic 
acid. Thus, 14,15-EE-5Z-E-mSI is a selective antagonist of 14,15- and 5,6- 
EET. 14,15-EE-5Z-E-mSI inhibited the indomethacin-resistant relaxations to 
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arachidonic acid; however, the inhibition was less than what occurred 
with 14,15-EE-5Z-E. The combination of 14,15-EE-5Z-E-mSi and 
the CYP inhibitor N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexamide 
(MS-PPOH) inhibited arachidonic acid-induced relaxations to the same extent 
as 14,15-EE-5Z-E alone. Thus, 11,12- and/or 8,9-EET must contribute to the 
relaxation response to arachidonic acid. The discovery of EET antagonists 
provided vital pharmacological tools to examine the role of EETs as EDHFs. 
Thus, in the presence of COX and NOS inhibitors, ACH- and bradykinin- 
mediated relaxations and hyperpolarization were inhibited by 14,15-EE-5Z-E 
(Archer et al., 2003; Gauthier et al., 2002, 2003a). 

EETs activate smooth muscle large conductance, calcium-activated potassi- 
um (BK Ca ) channels (Campbell et al., 1996a; Li & Campbell, 1997; Li et al., 
1997). This leads to K efflux, an increase in the E m or hyperpolarization. The 
hyperpolarization inhibits activation of voltage-activated calcium channels re- 
ducing calcium entry and causing relaxation. EETs activate BK Ca channels in 
nanomolar concentrations in cell-attached patches in which the cell cytosol is in 
contact with the channel. However, when this association is disrupted using 
inside-out patches, the EETs are without effect (Li et al., 1997). The addition of 
GTP, but not ATP, to the cytoplasmic side of the inside-out patch restores the 
ability of the EET to activate BK Ca channels. This can be blocked by the guanine 
nucleotide-binding (G) protein inhibitor GDP-[3-S. It is also blocked by the 
addition of an antibody against Gsa but not by anti-Gia or anti-GPy antibodies. 
Activation of Gsa by ADP ribosylation with cholera toxin also increases BK Ca 
channel activity in cell-attached patches (Li et al., 1999). In inside-out patches, 
BK Ca channel activity is increased by Gsa-GTP; however, Gsa-GDP and Gfiy do 
not alter channel activity (Kume et al., 1992; Scornik et al., 1993). Other 
evidence implicates Gs in EET action. 11,12-EET increases tissue plasminogen 
activator (tPA) activity and protein expression in endothelial cells (Node et al., 
2001). This is associated with a 3.5-fold increase in GTP binding to Gsa but not 
Gia. These studies indicate that a G protein with the characteristics of Gsa 
mediates the EET activation of BK Ca channels, and this occurs by a membrane- 
delimited mechanism (i.e., the action is confined to the membrane and does not 
require compounds from other parts of the cell; Li et al, 1997). In addition, in 
intact smooth muscle cells, EETs promote endogenous ADP ribosylation of Gsa 
to increase BK Ca channel activation (Li et al, 1999). It is thought that EETs 
activate the BK Ca channel by a Gsa-mediated, membrane-delimited mechanism, 
which is sustained by ADP ribosylation of Gsa. 

Others have suggested that EET-mediated vascular smooth muscle cell 
relaxation occurs by endothelial-mediated hyperpolarization (Feletou & 
Vanhoutte, 2006; Fleming & Busse, 2006). Agonists such as ACH and brady- 
kinin increase endothelial EET synthesis. EETs act in an autocrine manner to 
increase intracellular calcium and activate endothelial apamin-sensitive, small 
conductance (SK Ca ) and charybdotoxin-sensitive, intermediate conductance 
(IK Ca ) channels. This results in hyperpolarization of the endothelial cell. 
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Smooth muscle cell relaxation occurs because of the hyperpolarizing current 
spreading from the endothelium to smooth muscle through gap junctions. 
Fleming and coworkers provide evidence in CYP 2C9-overexpressing human 
umbilical vein endothelial cells (HUVECs) that EETs regulate intracellular 
calcium by inducing the translocation of "transient receptor potential" 
(TRP) channel proteins to caveolin-1-rich areas of the endothelial cell mem- 
brane (Fleming et al., 2007; Loot et al., 2008). NO- and PGL;-independent 
flow-induced vasodilation of the murine carotid artery is inhibited by CYP 
inhibitor as well as to a TRP4 channel blocker (Loot et al., 2008). The exact 
molecular mechanisms by which EETs induce the membrane translocation of 
TRP channels remain to be elucidated, although protein kinase A (PKA) may 
be involved in this process. 

The evidence that EET action is coupled to a G protein and EETs promote 
GTP binding to membranes suggests that EETs act through a G protein- 
coupled receptor (GPCR). This concept is supported by the following studies. 
First, as indicated above, 14(S),15(R)-czs-EE-8Z-E-enoic acid was the simplest 
structure with full agonist activity (Falck et al., 2003a). The requirement for a 
specific stereoisomer of the epoxide suggested a specific binding site for the 
EET. Second, using vascular smooth muscle cells, 14,15-EET was tethered to 
silica beads so that it could not enter the cell. Tethered-14,15-EET inhibited 
aromatase activity to a similar extent as untethered 14,15-EET (Snyder et al., 
2002). Thus, 14,15-EET acted on the cell surface and not intracellularly. 
Finally, a high-affinity EET-binding site was described in intact cells and 
membrane preparations from guinea pig mononuclear cells and human 
U937 cells. By use of 3 H-14,15-EET as a radioligand, specific and saturable 
binding with a K d of 5.7 nM was determined in guinea pig monocytes and a K d 
of 13.84 nM in U937 cells (Wong et al, 1993, 1997, 2000). This binding site 
was further defined in the cell membranes by Yang et al. (2008) by use 
of 20- 125 iodo~14,15-epoxyeicosa-8Z-enoic acid (20- 125 I-14,15-EE-8Z-E). 
20- 125 I-14,15-EE-8Z-E bound U937 membranes in a specific, saturable, and 
reversible manner with high affinity. EET analogs, but not prostaglandins or 
lipoxygenase metabolites, displaced the 14,15-EET radioligands from their 
binding site. The binding was also inhibited by GTPyS suggesting G protein 
coupling. More recently, 20- 125 I-14,15-EE-5Z-E was characterized as an 
antagonist. It showed specific, saturable, reversible binding to U937 mem- 
branes and bound with higher affinity than the agonist radioligand. 20- 125 I- 
14,15-EE-5Z-E had a K d of 1.11 nM, whereas 20- 125 I-14,15-EE-8Z-E had a 
K d of 11.8 nM (Yang et al, 2008). A series of CYP and sEH inhibitors were 
tested for their ability to displace 20- I-14,15-EE-5Z-E from its binding site. 
The CYP inhibitors miconazole and MS-PPOH inhibited binding of the ligand 
suggesting that some CYP inhibitors are also EET antagonists (Chen et al., 
2009). Identifying the EET receptor remains a subject of active research and an 
area that has obvious future therapeutic implications since many clinically 
useful drugs target receptors in their mechanism of action. 
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C. Therapeutic Potential 

One likely limitation to the vasodilator effect of EETs is their metabolism by 
sEH or P-oxidation to the less biologically active metabolites (Imig & 
Hammock, 2009 ) . The development of metabolically stable EETs or compounds 
that block EET metabolism to enhance the action of endogenous EETs are 
current approaches to increase EET activity. For example, Falck and coworkers 
have developed urea analogs of the EETs with agonist activity that also inhibit 
sEH (Falck et al., 2009). These compounds have not been tested in vivo. Using 
isolated blood vessels, EET-mediated relaxation responses were enhanced in the 
presence of a sEH inhibitor (Hercule et al., 2009; Larsen et al., 2005; Olearczyk 
et al., 2009). This result provided motivation to explore a possible contribution 
of sEH to the development of hypertension and a potentially novel use of sEH 
inhibitors in the treatment of the cardiovascular diseases. sEH can be inhibited 
in vitro by a variety of urea, carbamate, and amide derivatives. Furthermore, 
novel inhibitors of sEH were developed such as 12~(3-adamantane-l-yl-ureido)- 
dodecanoic acid (AUDA) and AUDA butyl ester. The topic of sEH inhibitors is 
the subject of a recent review by Imig and Hammock (2009). The first experi- 
mental evidence that a sEH inhibitor increases EET concentrations and lowers 
blood pressure in an animal model of hypertension was reported by Yu et al. 
(2000). EET hydrolysis was increased in kidneys of the spontaneously hyperten- 
sive rat (SHR) model compared to Wistar Kyoto (WKY) controls. When the sEH 
inhibitor DCU was administered to 8-week-old SHRs daily for 4 days, systolic 
blood pressure decreased. Imig and colleagues extended this observation and 
were the first to demonstrate that sEH contributes significantly to the elevated 
blood pressure in angiotensin II (ANG Independent hypertension (Imig et al., 
2002). Kidney sEH protein levels were elevated in the rat model of ANG II 
hypertension compared to normotensive rats. Administration of the selective 
sEH inhibitor, N-cyclohexyl-N-dodecyl (NCND) urea for 4 days lowered arteri- 
al blood pressure by 30 mmHg. A different sEH inhibitor, N-adamantyl-N'- 
dodecylurea (ADU), lowered systolic blood pressure, normalized vascular endo- 
thelial function, and attenuated left-ventricular hypertrophy in the deoxycorti- 
costerone acetate (DOCA) plus high salt model of hypertension in rats (Imig 
et al, 2005). In mice with a target disruption of the sEH gene, the increase in 
blood pressure to DOCA-salt was blunted compared to wild-type mice 
(Manhiani et al., 2009). Furthermore, treatment of the wild-type DOCA-salt 
mice with the sEH inhibitor had a blood pressure lowering effect. Finally, Arete 
Therapeutics Inc. has developed an orally administered sEH inhibitor, AR9281, 
which is currently in a Phase II clinical program for the treatment of prediabetic 
patients with impaired glucose tolerance, mild obesity, and mild to moderate 
hypertension. The Phase I clinical program for AR9281 demonstrated that the 
drug was safe and well tolerated in healthy volunteers. Results from the Phase II 
clinical trial will lay the groundwork for the future use of sEH inhibitors and EET 
agonists in the treatment of vascular disease. 
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IV. EETs and Inflammation 



Endothelial cells release a number or pro- and anti-inflammatory med- 
iators (Pober & Sessa, 2007). A strong link between inflammation and 
endothelial dysfunction has been established. Inflammation is a risk factor 
for cardiovascular diseases, like hypertension and atherosclerosis. EETs have 
anti-inflammatory properties implicating their potential therapeutic use in 
the treatment of inflammation (Fig. 4). The role of CYP epoxygenases, sEH, 
and cardiovascular inflammation has been recently reviewed (Deng et al., 
2010). The following sections will summarize specific effects of EETs on cell 
adhesion and platelet activation providing updated evidence on the role of 
EETs in inflammation. 

A. Cell Adhesion 

Macrophage- and leukocyte-derived cytokines such as tumor necrosis factor 
a (TNF-a) and interleukin la (IL-la) activate endothelial cells and promote the 
surface expression of cell adhesion molecules (CAMs) including vascular 
cell adhesion molecule 1 (VCAM-1), E-selectin, and intercellular adhesion 
molecule 1 (ICAM-1). These events are integral to the inflammatory response. 

/. Experimental Evidence 

Node et al. reported that EETs are potent inhibitors of CAM expression 
induced by TNF-a, IL-la, and bacterial lipopolysaccharide (LPS; Node et al., 
1999). Although EETs inhibited the expression of VCAM-1, E-selectin, and 
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FIGURE 4 A simplified schematic of vascular effects of epoxyeicosatrienoic acids (EETs). 
Arrows denote stimulation and straight line without arrow denotes inhibition. Agonists or shear 
stress activate phospholipase (PL) in endothelial cell membranes. This releases arachidonic acid 
(AA) which is metabolized by cytochrome P450 (CYP) to EETs. EETs can diffuse to the vascular 
smooth muscle cell to cause relaxation and inhibit cell migration. EETs inhibit adhesion molecule 
expression on endothelial cells which decreases leukocyte adherence. EETs prevent platelet aggre- 
gation and adhesion. EETs promote angiogenesis by stimulating endothelial cell proliferation. 
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ICAM-1, the effect on VCAM-1 was the most pronounced. 11,12-EET was 
the most potent isomer causing 72% inhibition of TNF-a induced VCAM-1 
expression. The IC50 for 11,12-EET-induced inhibition of VCAM-1 was 
20 nM. 8,9-EET and 5,6-EET were less active, whereas 14,15-EET was 
without activity. Interestingly, 14,15-EET increased adherence of monocytes 
to endothelial cells suggesting a clear difference in activity between the EET 
regioisomers. The anti-inflammatory effect of EETs to decrease endothelial- 
leukocyte-adhesion has been confirmed in a number of subsequent cell and 
animal models (Falck et al., 2003b; Fleming et al., 2001b; Liu et al., 2005; 
Moshal et al., 2008; Pratt et al., 2002). 

2. Mechanism of Action 

The mechanism of action of EETs to inhibit monocyte and leukocyte 
adhesion is independent of membrane hyperpolarization. Inhibition of Kc a 
channels with iberiotoxin or charybdotoxin blocked EET-induced vasodila- 
tion but did not block EET-induced inhibition of VCAM-1 expression (Node 
et al., 1999). Instead, EETs exert their anti-inflammatory effects in the 
vasculature by inhibiting cytokine-induced nuclear factor-KB (NF-kB). The 
proinflammatory transcription factor, NF-kB, is essential for the induction of 
numerous inflammatory mediators such as CAMs, COX-2, and inducible 
(i)NOS. NF-kB is normally bound to an inhibitory protein I/cB and main- 
tained as an inactive NF-kB-IkB complex in the cytoplasm. Cytokines like 
TNF-a activate IkB kinase (IKK), which phosphorylates Ser32 and Ser36 of 
IkB. Following polyubiquitination of the diphosphorylated IkB, the protein is 
degraded by the 26S proteasome. The free NF-kB subunits RelA (p65) and 
p50 are translocated to the nucleus where they bind to target genes that 
encode proinflammatory proteins and consequently regulate their transcrip- 
tion. Node et al. showed that 11,12-EET repressed VCAM-1 expression by 
inhibiting kB czs-acting elements in the promoter region of the VCAM-1 
gene. In cells stimulated with TNF-a, the nuclear accumulation of Rel A 
was prevented by the coadministration of 11,12-EET. Stimulation of endo- 
thelial cells with TNF-a caused a rapid and almost complete disappearance 
of iKB-a that was prevented by cotreatment with 11,12-EET, but not 
14,15-EET. Elevated concentrations of homocysteine contribute to inflam- 
mation and endothelial dysfunction by a mechanism that involves activation 
of NF-kB. This pathway induces matrix metalloproteinase (MMP)-9 expres- 
sion and activity. MMPs participate in extracellular matrix degradation and 
may regulate CAM adhesion. Incubation of murine aortic endothelial cells 
with increasing concentration of homocysteine decreased CYP2J2 expression 
and activated MMP-9 (Moshal et al., 2008). Homocysteine induced MMP-9 
activation by increasing NF-kB-DNA binding. CYP transfection or exoge- 
nous addition of 8,9-EET (1 (iM) attenuated homocysteine-induced MMP-9 
activation. 8,9-EET also increased IKB-a levels and attenuated the nuclear 
accumulation of Rel A. Exogenous 11,12-EET (up to 3 fiM) had no effect on 
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MMP activation. Activation of the nuclear receptor peroxisome proliferator- 
activated receptor y (PPAR}») in cultured endothelial cells suppresses the NF-k 
B-mediated expression of inflammatory proteins such as VCAM-1 and 
ICAM-1. In bovine aortic endothelial cells, all four EET regioisomers 
blocked TNF-a mediated NF-kB activation and this was prevented in cells 
pretreated with GW9662, an antagonist of PPARy (Liu et al., 2005). 
Competition and direct binding assays revealed that EETs bind to the 
ligand-binding domain of PPARy with K d in the micromolar range (Cowart 
et al., 2002). The relationship between PPAR}> and NF-kB in EET-induced 
changes in CAM expression needs further study. 

3. Therapeutic Potential 

Inflammation is a common characteristic of numerous cardiovascular 
diseases such as hypertension and atherosclerosis. Just as sEH inhibitors 
increase vasodilatory effects of EETs, these inhibitors have potential in the 
treatment of certain inflammatory disorders by enhancing anti-inflammatory 
effects of EETs. As described above, a number of studies have looked at the 
effect of sEH inhibitors in animal models of hypertension (Imig & 
Hammock, 2009). One consequence of chronic hypertension is renal vascu- 
lar and glomerular injury. The response to injury involves upregulation of 
inflammatory proteins. In rats with ANG Il-induced hypertension, sEH 
inhibitors decreased collagen expression in glomeruli and tubular cells. 
Macrophage infiltration was also reduced (Imig et al., 2002). Similarly, in 
diabetic Goto-Kakizaki rats the sEH inhibitor, AUDA, blocked inflammation 
independently of lowering blood pressure (Olearczyk et al., 2009). Targeted 
disruption of the sEH gene prevented both renal inflammation and injury in 
DOCA-salt hypertensive mice (Manhiani et al., 2009). Reduction in renal 
inflammation and injury was also seen in wild-type DOCA-salt mice treated 
with a sEH inhibitor. Macrophage infiltration, renal NF-kB activation, and 
monocyte chemoattractant protein- 1 excretion were all reduced in the sEH 
knockout mice. Finally, inhibition of sEH enhanced the anti-inflammatory 
effects of aspirin and 5-lipoxygenase activation protein inhibitor, MK886, in 
a LPS-challenged murine model of inflammation (Liu et al., 2010). The relative 
effectiveness of sEH inhibitors versus EET agonists versus stable EET agonists 
with sEH inhibitory activity is an area in need of study. 

Atherosclerosis is a dynamic and progressive process with endothelial 
dysfunction and inflammation of the vascular wall. A recent study investi- 
gated the role of sEH inhibition in the hyperlipidemic ApoE mouse 
following cuff placement around the femoral artery or ligation of left com- 
mon carotid artery (Ulu et al., 2008). AUDA treatment reduced neointimal 
formation only in the femoral cuff model, which typically exhibits a more 
pronounced inflammatory phenotype than does the carotid artery ligation 
model. In the femoral cuff model, mRNA expressions for the cytokine, 
Gro-P, and for the proinflammatory enzyme, COX-2, were significantly 
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lower in sEH -/- /ApoE~ v ~ mice compared with ApoE _/ " mice. However, there 
were no differences in macrophage infiltration or the cytokines, TNF-a, Gro- 
at, and MCP-1 in the two groups. 

B. Platelet Activation 

Inflammatory disorders are often associated with platelet activation 
(Smyth et al., 2009). It is well established that endothelial NO and PGI 2 
inhibit platelet aggregation and activation. There is also experimental evi- 
dence to support EET-mediated antiplatelet effects (Fig. 4). 

f. Experimental Evidence 

Platelet aggregation of washed human platelets induced by arachidonic 
acid was inhibited by EET isomers (1-10 fiM) with no evidence of stereo- 
specificity (Fitzpatrick et al., 1986). However, 11,12-EET (up to 10 fiM.) 
had no effect on platelet aggregation stimulated with collagen, ADP, or a 
thrombin-receptor activating peptide (VanRollins, 1995). Using an in vivo 
model of platelet aggregation in pial arterioles of mice, 14,15-EET, but not 
8,9-EET, delayed platelet aggregation (Krotz et al., 2003, 2010). The dose of 
14,15-EET (0.3 mg/kg) producing the effect had no effect on blood flow. The 
effect of EETs on adhesion of washed human platelets to confluent HUVEC 
was examined under both static and flow conditions (Krotz et al., 2010). 
11,12-EET (1 ,uM) decreased endothelial cell adhesion of platelets and also 
decreased P-selectin expression. In an endothelial cell line that overexpressed 
CYP2C9, bradykinin increased the production of 11,12-, 8,9-, and 14,15- 
EET compared to controls. Media from the cell incubations with bradykinin 
inhibited platelet adhesion to HUVECs. Platelet adhesion and rolling was 
assessed in the dorsal skinfold chamber model in the microcirculation of 
hamsters (Krotz et al., 2010). The CYP2C9 inhibitor, sulfaphenazole, en- 
hanced platelet adhesion to the endothelium. The addition of 11,12-EET 
(10 /iM) reversed the effect of CYP inhibition. The view of EETs as important 
endogenous antiplatelet factors remains to be elucidated in future studies. 
Studies will need to clarify whether the endothelium in vivo releases EETs in 
amounts sufficient to control platelet activation. 

2. Mechanism of Action 

The exact mechanism whereby EETs inhibit platelet aggregation has not 
been established. In human platelets, inhibition of aggregation by EETs was 
not associated with a decrease in the production of the proaggregatory, 
thromboxane (TX) A 2 (Fitzpatrick et al., 1986). However, in mice, 14,15- 
EET, but not 8,9-EET, decreased serum TXB 2 concentrations (VanRollins, 
1995). In human platelets, 11,12-EET caused a concentration-dependent 
increase in NOS activity and stimulated nitrite production (Zhang et al., 
2008a). While NO inhibits platelet aggregation, there is no direct evidence 
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that NO mediates the inhibition of aggregation by EETs. Platelets express 
K Ca channels and EET-mediated inhibition of platelet adhesion likely targets 
these channels. Cultured HUVECs expressing CYP2C9 and stimulated by 
bradykinin released a factor that hyperpolarized human platelets (Krotz 
et al., 2003, 2010). The inhibitor of CYP2C9, sulfaphenazole, blocked this 
hyperpolarization. Hyperpolarization was also prevented by pretreatment of 
platelets with charybdotoxin or apamin, inhibitors of SK Ca and IK Ca chan- 
nels. EET-mediated inhibition of platelet adhesion to endothelial cells was 
prevented by charybdotoxin but not apamin. Exogenous EETs (1 /.iM) 
were also tested for direct effects on platelet membrane hyperpolarization. 
Pronounced hyperpolarizations occurred with 11,12-EET and 8,9-EET. 
14,15-EET was less active. These studies suggest that the EETs hyperpolarize 
the platelet membrane resulting in reduced adhesion. 

3. Therapeutic Potential 

There are no studies in which sEH inhibitors or EET analogs have been 
tested for antiplatelet effects in disease models. However, there is evidence 
that the sEH inhibitors increase the action of aspirin (Liu et al., 2010). 
In certain cardiovascular diseases, the COX product, TXA 2 , increases plate- 
let activation. Low-dose aspirin is an effective antiplatelet drug that limits 
adverse cardiovascular events by blocking TXA 2 synthesis and activity. In the 
LPS-induced mouse model of inflammation, the metabolism of arachidonic 
acid by COX is increased. A sEH inhibitor, i-AUCB, decreased TXA 2 but not 
PGE 2 in the plasma of LPS-treated mice. Aspirin treatment inhibited both 
TXA 2 and PGE 2 . If i-AUCB was coadministered with aspirin, there was a 
greater reduction in PGE 2 and TXA 2 than with aspirin alone suggesting that 
EETs increase the activity of aspirin. While it still needs to be directly tested 
experimentally, it is possible that sEH inhibitors (or EET analogs) may be 
effective antiplatelet drugs on their own. Alternatively, since sEH inhibitors 
increase aspirin effects, these two drugs could be combined allowing the use 
of aspirin in doses that limit aspirin-related side effects. 



V. EETs and Angiogenesis 



Angiogenesis is a process involving a tightly regulated interaction 
between a number of different signaling molecules, which results in the 
sprouting of endothelial cells from existing blood vessels. While complex, 
angiogenesis is crucial for all tissue growth, expansion, and repair. Arachi- 
donic acid metabolites contribute to angiogenesis by modulating endothelial 
cell proliferation or migration and capillary formation. EETs are regarded as 
proangiogenic compounds (Michaelis & Fleming, 2006; Fig. 4) and thera- 
peutic manipulation of their effects may be important in diseases like ische- 
mic heart disease, ischemic stroke, and atherosclerosis. 
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A. Evidence 



The first report that EETs may be mitogens was performed in cultured rat 
glomerular mesengial cells (Harris et al., 1992). Following a 24-h exposure to 
exogenously administered 14,15- or 8,9-EET (1-10 fiM), mesengial cells had a 
significant increase in 3 H-thymidine incorporation. Subsequent studies in vari- 
ous types of vascular endothelial cells confirmed EETs as proangiogenic med- 
iators. Munzenmaier and Harder initially observed that CYP epoxygenase 
products were necessary for cerebral microvascular endothelial cells to form 
tubular structures in vitro (Munzenmaier & Harder, 2000). In porcine coro- 
nary artery endothelial cells, CYP2C8 overexpression increased 11,12-EET 
production and enhanced endothelial cell number (Michaelis et al., 2005b). 
Furthermore, in HUVECs, overexpression of CYP2C9 increased cell number 
and proliferation (Michaelis et al., 2005b). The specific CYP2C9 inhibitor, 
sulfaphenazole prevented the proliferative response. Using an in vivo model of 
angiogenesis, a single high concentration (150 jiM) of 14,15-EET increased 
functional vasculature in a Matrigel plug (Medhora et al., 2003). More recent- 
ly, the ability of all four EETs to regulate endothelial cell proliferation in vitro 
and angiogenesis in vivo was investigated (Pozzi et al., 2005; Yang et al., 
2009). All four EETs induced significant increases in pulmonary murine 
endothelial cell proliferation with 5,6-EET eliciting the greatest effect. None 
of the DHETs stimulated endothelial cell proliferation. 5,6- and 8,9-EET, but 
not 11,12- or 14,15-EET, increased cell migration and capillary tube forma- 
tion. To test the angiogenic activity of 5,6- and 8,9-EET in vivo, inert sponges 
were implanted subcutaneously in the back of adult mice and were injected 
every other day with either vehicle, 5,6-EET, or 8,9-EET (50 fiM). After 14 
days, sponges injected with 5,6- or 8,9-EET showed increased vessel density 
compared with sponges injected with vehicle only, demonstrating clearly 
in vivo de novo vascularization. Stimulation of endothelial cells with vascular 
endothelial growth factor (VEGF) induced the expression of CYP2C and the 
generation of 11,12-EET. Pretreatment with the CYP inhibitor, miconazole 
prevented the increase in 11,12-EET. VEGF-induced endothelial cell tube 
formation was prevented by the EET antagonist, 14,15-EE-Z-E. Hypoxia 
enhances cell proliferation and EET production. Exposure of CYP2C8- or 
2C9-transfected HUVECs to hypoxia increased endothelial cell migration and 
tube formation (Michaelis et al., 2005a, 2005b). These effects were blocked by 
the EET antagonist, 14,15-EE-Z-E. Similar findings were obtained in porcine 
coronary artery endothelial cells. Bovine retinal endothelial cells expressed 
CYP2C protein under basal conditions (Michaelis et al., 2008). Hypoxia 
enhanced CYP2C protein expression and EET formation. Treatment with 
CYP2C antisense or the EET antagonist suppressed hypoxia-induced cell 
migration and in vitro tube formation. 

In contrast to the studies in endothelial cells, exogenously administered 
EETs inhibit rat aortic smooth muscle cell migration in response to growth 
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factors (Sun et al., 2002). Overexpression of CYP2J2 in these cells attenuated 
migration, and this effect was prevented by the CYP inhibitors, SKF525A 
and clotrimazole, but not by the K Ca channel blocker, charybdotoxin. 
In these studies, EETs had no effect on proliferation as measured by 3 H- 
thymidine incorporation. 

The ability of EETs to stimulate endothelial cell proliferation and de- 
crease vascular smooth muscle cell migration may relate to tissue-specific 
effects of EETs. While these differing responses validate the underlying 
complexity of angiogenesis, it also supports the idea that EETs might be 
protective not only by inhibiting complications of smooth muscle cell migra- 
tion in atherosclerosis but also by promoting endothelial cells proliferation 
and neovascularization in ischemic tissues. 

B. Mechanism 

Among the various mitogenic signaling pathways, the activation of 
extracellular-signal-regulated kinases (ERK), p38 mitogen-activated protein 
kinase (MAPK), and phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) 
play important roles in endothelial cell function. Numerous studies have 
investigated signaling pathways involved in EET-mediated angiogenesis 
(Deng et al., 2010; Spector, 2009; Spector & Norris, 2007). EET-induced 
proliferation in a renal epithelial cell line was dependent on the activation of 
Src kinase and initiation of a tyrosine kinase phosphorylation cascade (Chen 
et al., 1998). An essential step in the signaling mechanism of EETs involved 
transactivation of epidermal growth factor -like (EGF) receptor. 14,15-EET 
induces EGF receptor activation and downstream signaling by induction of 
pro-heparin-binding (HB)-EGF processing through activation of a metallo- 
proteinase that causes release of soluble HB-EGF. The released HB-EGF then 
binds to EGF receptor and activates its intrinsic receptor tyrosine kinase, 
leading to autophosphorylation. Transactivation of the EGF receptor follow- 
ing the cleavage of HB-EGF is a common event in cell activation and the 
mitogenic response to a variety of substances, including agonists acting 
through GPCRs. In human endothelial cells overexpressing CYP2C9, EETs 
also stimulated proliferation via a mechanism that involved activation of the 
EGF receptor (Michaelis et al., 2003). PI3K/Akt is a downstream target of the 
EGF receptor and all four EET regioisomers increased Akt phosphorylation 
and cell proliferation in murine endothelial cells (Pozzi et al., 2005). Incuba- 
tion of human coronary artery endothelial cells with 11, 12 -EET activated 
ERK1/2 and the p38 MAPK (Fleming et al., 2001a). Activation could be 
observed in response to 11,12-EET at concentrations as low as 3 nM, where- 
as 14,15-EET had no effect. The K Ca channel blockers charybdotoxin and 
apamin had no effect on the activation of ERK1/2 by 11,12-EET. The pho- 
sphorylation of Erkl/2 and p38 MAP kinase was also enhanced in actively 
proliferating endothelial cells that overexpressed CYP2C. In pulmonary 
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murine microvascular endothelial cells, all three major pathways involved in 
endothelial cell-mediated mitogenic function, namely PI3K/Akt, p38 MAPK, 
and ERK1/2, were activated by the EETs (Pozzi et al., 2005). 8,9-EET was 
the most potent activator of p38 MAPK. Proper cell growth involves a series 
of cell-cycle regulatory proteins, cyclins that exert their function by binding 
to and activating a number of specific cyclin-dependent kinases (CDKs). 
11,12-EET activation of the PI3-K/Akt elicited the subsequent phosphoryla- 
tion and inhibition of forkhead transcription factors, FOXOl and FOX03b 
(Potente et al., 2003). This caused a downregulation of the CDK inhibitor, 
p27 lp , and increase in cyclin Dl expression. Overexpression of CYP2C9 in 
endothelial cells increased EET production that was associated with activa- 
tion of MAPK phosphatase-1, decrease in c-Jun N-terminal kinase (JNK) 
activity, and increase in cyclin Dl expression. 11,12-EET (1 fiM) also in- 
duced the expression of MAPK phosphatase-1 (Potente et al., 2002). 

EETs activate the cAMP/PKA pathway in endothelial cells (Imig et al., 
1999). In relationship to angiogenesis, enhanced proliferation in HUVECs 
overexpressing the CYP2C9 enzyme was blocked by a PKA inhibitor 
(Michaelis et al., 2005a). These cells had increased concentrations of 
cAMP, COX-2 protein, and 11,12-EET. CYP2C9 overexpression stimulated 
endothelial tube formation, which was attenuated by the COX-2 inhibitor 
celecoxib. Thus, COX-2 may also contribute to CYP2C9-induced angiogen- 
esis. In the rat aortic vascular smooth muscle cells, 11,12-EET inhibited 
migration and increased intracellular cAMP levels and PKA activity (Sun 
et al., 2002). Inhibitors of cAMP and PKA reversed the antimigratory effects 
of 11,12-EET. 

Mechanisms to explain EET-mediated effects on angiogenesis are depen- 
dent on not only the cell type used but also the specific EET isomer. More 
comprehensive investigation of the signaling pathways using EET-specific 
mimetics is a necessary focus for future studies. 

C. Therapeutic Potential 

Recognizing EETs as signaling molecules that contribute to endothelial 
cell proliferation and vascular smooth muscle cell migration suggests that 
therapeutic manipulation of the EET pathway may aid in the treatment of 
diseases in which angiogenesis is involved. For example, angiogenesis is the 
key step for recovery after ischemia. Studies suggest that EETs are involved in 
the healing process of ischemic stroke (Iliff & Alkayed, 2009; Iliff et al., 
2010; Simpkins et al., 2009; Zhang et al., 2007, 2008b). Cerebral ischemia 
was induced by a permanent middle cerebral artery (MCA) occlusion in the 
stroke-prone spontaneously hypertensive rats (SHRSP; Simpkins et al., 
2009). Rats treated with the sEH inhibitor, AUDA, for 6 weeks had marked 
reduction in percentage of the hemisphere damaged by ischemia compared to 
untreated rats. MCA vessel wall thickness, wall to lumen ratio, and collagen 
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deposition were reduced by AUDA in the SHRSP compared to WKY rats. 
Microvessel density in the untreated adult SHRSP was 33% lower than in the 
adult WKY rats. However, AUDA increased the microvessel density by 20% 
in the SHRSP providing further support that therapeutic manipulation of 
EETs with sEH inhibitors may provide cerebral protection by reducing the 
area at risk. 

In contrast to beneficial effects of angiogenesis in ischemia is the view 
that smooth muscle cell migration and proliferation contribute to pathologi- 
cal processes in atherosclerosis. EETs inhibit vascular smooth muscle cell 
migration in cultured cells but it is not known if an increase in EETs with sEH 
inhibitors would offer protection in an in vivo atherosclerotic model by 
specifically attenuating vascular smooth muscle cell migration. In ANG 
Il-treated apoE-deficient mice treated with a sEH inhibitor, there was a 
reduction in atherosclerotic lesion (Ulu et al., 2008). This indicated that 
while EETs may limit lesion development, the mechanism is independent of 
effects on vascular smooth muscle cell migration or proliferation. This idea 
was challenged using the carotid ligation technique in SHRSP (Simpkins 
et al., 2010). Unlike the ANG II ApoE-mice, treatment with the sEH inhibitor 
reduced vascular remodeling responses in the SHRSP model compared to 
WKY controls. A similar reduction in vascular remodeling occurred in mice 
lacking the sEH gene and subjected to carotid artery ligation. Neointimal 
area to medial ratio was reduced by the sEH inhibitor of wild-type mice. 
Interestingly, in a different model of vascular remodeling in which a wire is 
used to mechanically denude the femoral artery endothelium, sEH inhibitor 
treatment of rats, or in mice lacking the sEH gene, there was no reduction in 
neointimal hyperplasia indicating the importance of the endothelium as the 
source of EETs. While not yet proven, this contrasting result in the two 
different models suggests a role of the endothelium in EET-mediated protec- 
tive effects. Having stable EET analogs with sEH inhibition versus sEH 
inhibitors or EET agonists to use for future in vivo studies will provide a 
better understanding of the mechanisms of vascular remodeling in athero- 
sclerosis. 



VI. Conclusion 



A considerable and diverse body of evidence supports the role of EETs in 
vascular function. Several key points can be made. EETs are endothelial- 
derived CYP metabolites of arachidonic acid and function as autocrine and 
paracrine mediators to regulate vascular tone, cell adhesion, platelet activa- 
tion, and angiogenesis. There are four regioisomers of EET: 5,6-, 8,9-, 
11,12-, and 14,15-EET. EETs are hydrolyzed by sEH to corresponding 
DHETs, and this results in a decrease in EET activity. As vasodilators, 
EETs act on vascular smooth muscle to cause K activation, hyperpolariza- 
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tion, and relaxation through a G protein-coupled mechanism. Regioisomer 
specificity of EET-induced relaxations varies with species and vascular bed. 
The ability of EETs (primarily 11,12-EET) to inhibit monocyte- and leuko- 
cyte-adhesion to endothelial cells occurs through a signaling pathway that 
inhibits NF-kB activation. Platelet aggregation and platelet activation are 
attenuated by EETs by mechanisms that are still undefined. Endothelial cell 
proliferation is enhanced, whereas vascular smooth muscle migration is 
inhibited by EETs. Mechanisms for EET-mediated angiogenesis are diverse, 
complex, and dependent on cell type and the EET regioisomer involved. 
Comparisons of the threshold concentration of exogenously applied EETs 
that exerts a specific biological response are shown in Fig. 5. Some of the 
effects of EETs occur at low physiological concentrations (hyperpolarization 
and relaxation of vascular smooth muscle) while others require much greater 
concentrations (monocyte adhesion and smooth muscle cell migration). 

The current data suggest that a GPCR for EETs exists. Identifying and 
characterizing the putative EET receptor(s) are an important focus of future 
studies. This will aid in clarification of mechanism of action of the EETs and 
novel drug design. Structural modifications of 14,15-EET provided important 
information regarding the molecular components critical for dilator activity 
and resulted in the identification of 14,15-EET-specific analogs with antago- 
nist properties. Structural requirements for the activity of other EET regioi- 
somers are needed. Inhibitors of sEH have been used in a number of different 
in vitro and in vivo systems as a way to increase EET concentrations and 
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prolong biological activity. The development of EET analogs that combine 
agonist activity with sEH inhibition is predicted to further advance the thera- 
peutic applications of EETs in cardiovascular disease. 
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Abbreviations 



ACH acetylcholine 

ADU N-adamantyl-N'-dodecylurea 

ANG II angiotensin II 

AUDA 12-(3-adamantane-l-yl-ureido)-dodecanoic acid 

BK Ca large conductance, calcium-activated potassium 

Ca calcium 

CAMs cell adhesion molecules 

CDKs cyclin-dependent kinases 

COX cyclooxygenase 

CYP cytochrome P450 

DHET dihydroxyeicosatrienoic acids 

DOCA deoxycorticosterone acetate 

EDHFs endothelium-dependent hyperpolarizing factors 

EDRF endothelium-derived relaxing factor 

EE-5Z-E epoxyeicosa-5Z-enoic acid 

EE-8Z-E epoxyeicosa-8Z-enoic acid 

EET epoxyeicosatrienoic acid(s) 

EGF epidermal growth factor-like 

E m membrane potential 

ENaC epithelial sodium channel 

ERK extracellular-signal-regulated kinases 

G guanine nucleotide-binding 

GPCR G protein-coupled receptor 

HB heparin binding 

HUVECs human umbilical vein endothelial cells 

ICAM-1 intercellular adhesion molecule 1 

IK Ca intermediate conductance, calcium-activated potassium 

IL-la interleukin la 

JNK c-Jun N-terminal kinase 

K potassium 
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LNA N(G)-monomethyl-L-arginine 

LPS lipopolysaccharide 

MAPK mitogen-activated protein kinase 

MCA middle cerebral artery 

MMP matrix metalloproteinase 

mSI methylsulfonamide 

MS-PPOH N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexamide 

NCND N-cyclohexyl-N-dodecyl 

NF-kB nuclear factor-xB 

NO nitric oxide 

NOS nitric oxide synthase 

PGI2 prostacyclin 

PI3K/Akt phosphoinositide 3-kinase/protein kinase B 

PKA protein kinase A 

PMN polymorphonuclear leukocyte 

PPARy peroxisome proliferator-activated receptor 

sEH soluble epoxide hydrolase 

SHR spontaneously hypertensive rat 

SHRSP stroke-prone spontaneously hypertensive rats 

SK Ca small conductance, calcium-activated potassium 

TNF-a tumor necrosis factor a 

tPA tissue plasminogen activator 

TRP transient receptor potential 

TX thromboxane 

VCAM-1 vascular cell adhesion molecule 1 

VEGF vascular endothelial growth factor 
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Prostaglandins in Action: 
Indispensable Roles of 
Cyclooxygenase- 1 and -2 in 
Endothelium-Dependent 
Contractions 



Abstract 



Endothelium regulates local vascular tone by means of releasing relaxing 
and contracting factors, of which the latter have been found to be elevated in 
vascular pathogenesis of hypertension, diabetes, hypercholesterolemia, and 
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aging. Endothelium-derived contracting factors (EDCFs) are mainly metabo- 
lites of arachidonic acid generated by cyclooxygenase (COX), as vasodilata- 
tions in patients with hypertension, metabolic diseases, or advancing 
age are improved by acute treatment with COX inhibitor indomethacin. 
COX is presented in two isoforms, COX-1 and COX-2, with the former 
regarded as constitutive and the latter mainly expressed upon induction. 
Experiments with animal models of vascular dysfunctions, however, reveal 
that both isoforms have similar capacity to participate in endothelium- 
dependent contractions, with augmented expression and activity. COX- 
derived prostaglandin (PG) H 2 , PGF 2=( , PGE 2 , prostacyclin (PGI 2 ), and 
thromboxane A 2 (TxA 2 ) are the proposed EDCFs that mediate endotheli- 
um-dependent contractions via the activation of thromboxane-prostanoid 
(TP) receptor in various vascular beds from different species. Although COX 
inhibition seems to be a possible strategy in combating COX-associated 
vascular complications, the incidence of adverse cardiovascular effects of 
Vioxx has greatly antagonized this concept. Further review of COX inhibi- 
tors is required, especially toward the selectivity of coxibs and whether it 
directly inhibits prostacyclin synthase activity. Meanwhile, TP receptor 
antagonism may emerge as a therapeutic alternative to reverse prostanoid- 
mediated vascular dysregulations. 



I. Introduction 



Normal vascular tone is attained by a fine-tuning balance between 
relaxing and contracting factors, and endothelium is actively involved in 
their production and release. Endothelium-derived relaxing factors 
(EDRFs) are well defined to be nitric oxide (NO), endothelium-derived 
hyperpolarizing factor, and prostacyclin (PGI 2 ), with NO being the major 
vasodilator in conduit arteries. As for endothelium-derived contracting fac- 
tors (EDCFs), their chemical identities are less clear because of their hetero- 
geneity in different arteries among species. A large body of converging 
evidence at least suggests that the majority of EDCFs are cyclooxygenase 
(COX)-derived arachidonic acid metabolites, although arachidonic acid can 
also be converted to other vasoactive factors via lipoxygenase and cyto- 
chrome P450 monooxygenase as reviewed by Bogatcheva et al. (2005). 
In pathological states, the elevated COX activity results in an increased 
production of vasoconstrictors. The balance between EDRFs and EDCFs is 
disturbed which favors the action of the latter, leading to persistent vasocon- 
striction that contributes to enhanced endothelium-dependent contractions 
and blood pressure elevation (Fig. 1), of which the former is discussed in 
detail in this chapter. 
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FIGURE I Balance of endothelium-derived relaxing factors (EDRFs) and contracting factors 
(EDCFs) in the regulation of vascular tone. When the production of EDRFs diminishes and/or 
EDCFs are overgenerated, the imbalance favors vasoconstrictions. NO, nitric oxide; PGI2, 
prostacyclin; EDHF, endothelium-derived hyperpolarizing factor; PGF 2a , prostaglandin F 2c ,; 
PGH 2 , prostaglandin H 2 ; PGE 2 , prostaglandin E 2 ; TxA 2 , thromboxane A 2 ; ROS, reactive 
oxygen species. 

II. COX Isozymes 

A. COX- Mediated Arachidonic Acid Metabolism 

COX exists mainly in two isoforms, termed COX-1 and COX-2, localized in 
the endoplasmic reticulum or nuclear envelope (Smith et al., 2000). COX-1 is 
expressed constitutively in many cell types, including endothelial cells and vascu- 
lar smooth muscle cells (Hla & Neilson, 1992), while COX-2 is generally 
regarded as an inducible enzyme that responds to stimuli such as shear stress 
(Topper et al., 1996), tumor necrosis factor-a, and lipopolysaccharide (Williams 
et al., 1999). COX first converts arachidonic acid to prostaglandin (PG) G 2 and 
H 2 ; the latter is then catalyzed enzymatically by respective synthases or iso- 
merases into conventional PGs, namely PGD 2 , PGE 2 , PGF 2o ,, PGI 2 , and throm- 
boxane A 2 (TxA 2 ; Fig. 2). These prostaglandins bind to their respective 
G protein-coupled receptors of D-prostanoid (DP), E-prostanoid (EP), F-prosta- 
noid (FP), prostacyclin (IP) and thromboxane-prostanoid (TP). COX-1 and 
COX-2 share similar capacity to generate PGH 2 preceding its chemical conver- 
sion into the five prostaglandins (Smith et al., 1996). Although COX-2 is a 
predominant mediator for the systemic formation of PGI 2 , recent studies show 
that local vascular PGI 2 production is derived mainly from endothelial COX-1 
but not COX-2, which is not expressed in human arteries (Flavahan, 2007). The 
relative expression of COX isoforms may determine which isozyme is involved in 
prostaglandin production. In contrast to human arteries, COX-2 is constitutively 
coexpressed with COX-1 in the hamster aorta (Wong et al., 2009) and rat aorta, 
albeit the amount of COX-2 transcripts is significantly less than that of COX-1 in 
the latter preparation (Tang & Vanhoutte, 2008). 
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FIGURE 2 Arachidonic acid metabolism via cyclooxygenase (COX). Membrane phospholi- 
pids are converted to arachidonic acid by phospholipase A2 (PLA2). COX-1 or COX-2 then 
utilizes arachidonic acid as the substrate to generate prostaglandin (PG) G 2 and PGH 2 , which is 
further transformed into various PGs and thromboxane A 2 (TxA 2 ) under the action of respective 

synthases. 

The type(s) of prostaglandin generated also depends on the expression 
and activity of prostaglandin isozymes/synthases. For example, endothelial 
cells of spontaneously hypertensive rats (SHR) show an elevated level of 
prostacyclin synthase (PGIS) (Tang &c Vanhoutte, 2008), thus PGH 2 is 
more readily converted to PGI 2 under the action of the overexpressed PGIS. 

B. COX-lndependent Production of Isoprostanes 

Utilizing the same substrate as COX, isoprostanes are formed from 
arachidonic acid but via a COX-independent free radical-catalyzed mecha- 
nism in humans (Davi et al., 1997, 1999). Morrow et al. (1990) was the first 
to demonstrate the production of isoprotanes in humans through peroxida- 
tion of arachidonic acid. The level of isoprostanes has been taken as a reliable 
clinical biomarker for cardiovascular risk. Isoprostanes also actively modu- 
late the vascular tone. For example, 15-F 2t -IsoP evokes TP receptor -mediated 
vasocontractions in vitro and in vivo, and such effect is potentiated in arteries 
without endothelium (Cracowski et al., 2001). In addition, isoprostanes can 
stimulate the release of TxA 2 and endothelin-1 from the endothelial cells 
(Daray et al, 2006; Fukunaga et al., 1995; Yura et al., 1999), which might in 
turn function as EDCFs. 

C. Crosstalk Between EDCFs and NO 

As the release of endothelium-derived relaxing and contracting factors is 
likely to occur simultaneously, is the net effect between vasodilatation and 
vasoconstriction a result of their mutual inhibition of production or chemical 
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inactivation? This hypothesis is not experimentally supported at least in 
hamster arteries (unpublished data). The action of EDCFs and NO appears 
to be independent of each other, although the COX-2 expression can be 
modulated by NO as reviewed by Perez-Sala and Lamas (2001). Endotheli- 
um-dependent contractions are best observed in the presence of NO synthase 
inhibitor Ar^-nitro-L-arginine methyl ester (L-NAME; Auch-Schwelk et al., 
1992) which prevents NO production. However, treatment with ODQ or 
NS2028, downstream inhibitors of soluble guanylate cyclase, also unmasked 
endothelium-dependent contractions (Yang et al., 2004), indicating that NO 
per se may not inhibit the release of EDCFs. It seems that the vasodilatory 
effect of NO overrides EDCF-induced vasoconstrictions not only under 
physiological situations but also in pathological states. This explains why 
inhibition of NO signaling permits endothelium-dependent contractions 
to appear. Actually, our unpublished results show that the release of EDCF 
is unaltered regardless of the presence or absence of L-NAME or NO 
donors such as sodium nitroprusside, further suggesting that there is unlikely 
to be a mutual interference between the release of EDCFs and NO in the 
endothelial cells. 



III. COX- 1 and COX-2 in Patho/Physiological States 



Hypertension, diabetes, hypercholesterolemia, and aging are the four 
most prominent pathological states which lead to increased COX activity. 
The roles of COX-1 and COX-2 are indispensable in terms of which isoform 
is involved in which pathological condition due to the heterogeneity 
of vascular beds and species. The involvement of COX isoforms and the 
associated prostaglandins reported from key studies in relation to endothelium- 
dependent contractions are summarized in Table I. 

A. Hypertension 

As first demonstrated in the human brachial artery in hypertensive 
patients, nonselective COX inhibitor indomethacin improves vasodilatations 
(Taddei et al., 1997a), suggesting that COX is involved in the pathogenesis of 
hypertension. SHR is commonly used to elucidate the mechanism underlying 
endothelium-dependent contractions in hypertension. The aortae of SHR 
exhibit impaired acetylcholine-induced endothelium-dependent relaxations 
and exaggerated endothelium-dependent contractions compared with those 
from age-matched normotensive Wistar-Kyoto rats (WKY; Liischer & 
Vanhoutte, 1986). Indomethacin normalizes the attenuated endothelium- 
dependent relaxations in SHR aortae and mesenteric arteries, suggesting 
that the reduced relaxations to acetylcholine are probably not caused by 
a reduced production of EDRFs, rather due to an enhanced level of the 



TABLE I 



Indispensable Contributions of COX Isoforms and Prostanoids in Different Pathological States 



Pathology 



Vascular bed/model of study 



COX isoform Prostanoids 



References 



Hypertension 



Diabetes 



Hypercholesterolemia 
Aging 



Aortae of SHR 

Cultured endothelial cells from 

arteries of SHR 
Rabbit aortae exposed to high 

glucose 
Aortae of alloxan-induced diabetic 

rabbits 
Mesenteric arteries of 

alloxin-induced diabetic female 

Wistar rats 
Mesenteric arteries of type 2 

diabetic OLETF rats 
Aortae of streptozotocin-induced 

diabetic rats 
Femoral arteries of streptozotocin- 
induced diabetic rats 
Renal arteries from diabetic 

patients 
Nonobese and nondiabetic 

hypercholesterolemic rabbits 
Femoral artery of rats 
Aortae of hamsters 



COX-1 
COX-2 

Unspecified 
Unspecified 
COX-2 



TxA 2 , PGI 2 Gluais et al. (2005, 2006), Ge et al. (1995), 

Taddei and Vanhoutte (1993) 

PGF 2 „ 8-isoprostane Alvarez et al. (2005), Garcia-Cohen et al. 

(2000) 

TxA 2 , PGF 2 „ 15-HETE Tesfamariam et al. (1990, 1995) 



TxA 2 , PGH 2 , 

15-HETE 
PGF 2 , 



COX-l/COX-2 TxA 2 , PGE 2 

Unspecified TxA 2 

COX-1 TxA 2 , PGE 2 

COX-2 PGF 2:( 

Likely COX-1 Not assayed 

COX-l/COX-2 Not assayed 

COX-2 PGF 2a 



Tesfamariam et al. (1989, 1995) 
Akamine et al. (2006) 

Matsumoto et al. (2007) 

Peredo et al. (2006) 

Shi et al. (2007) 

Wong et al. (2009) 

Jerez et al. (2008) 

Shi et al. (2008) 
Wong et al. (2009) 



COX, cyclooxygenase; 15-HETE, 15-hydroxyeicosatetraenoic acid; OLETF, Otsuka Long-Evans Tokushima Fatty; PG, prostaglandin; SHR, spontaneously 
hypertensive rat; TxA 2 , thromboxane A 2 . 
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simultaneously released EDCFs which counteract the effects of relaxing 
factors on vascular smooth muscle cells (Liischer & Vanhoutte, 1986; 
Liischer et al., 1990). Not only does acetylcholine stimulate greater indo- 
methacin-sensitive endothelium-dependent contractions in SHR aortae, but 
also the contractions are stimulated by serotonin (Auch-Schwelk & 
Vanhoutte, 1991), endothelin (Taddei & Vanhoutte, 1993), adenosine tri- 
phosphate (Mombouli & Vanhoutte, 1993), and calcium ionophore (Yang 
et al., 2004), indicating that augmented endothelium-dependent contraction 
is unlikely to be related to an increased sensitivity of muscarinic receptors to 
acetylcholine in arteries from hypertensive animals. More serious investiga- 
tion into which COX isoform is responsible for the contractions began with 
the use of more selective COX inhibitors targeting either isoforms. Endothe- 
lium-dependent contractions in SHR arteries are preferentially inhibited by 
COX-1 inhibitor (Ge et al., 1995). 

Oxygen radicals enhance endothelium-independent contractions which 
are sensitive to COX-1 inhibition and TP receptor antagonism in SHR 
aortae, as the contractions are prevented by superoxide dismutase mimetic 
(Yang et al., 2002), implying a possible link between reactive oxygen species 
(ROS) and the COX-1 activity and that ROS might be the upstream stimula- 
tor of COX-1, resulting in the release of constrictive prostaglandins. Since 
oxygen radical-induced vasoconstrictions are attenuated by the COX-1 in- 
hibitor, it is unlikely that ROS or hydroxyl radicals per se act as an EDCF. 
Indeed, oxygen-derived free radicals do not trigger a release of prostaglan- 
dins (Auch-Schwelk et al., 1990). However, it is yet to be confirmed whether 
the release of ROS-catalyzed but COX-independent isoprostanes are 
involved in endothelium-dependent contractions. It is explainable if ROS 
trigger the production of COX-1-derived ROS, which in turn catalyze the 
formation of isoprostanes that cause vasoconstrictions via interaction with 
the TP receptor. Of note, Tang et al. (2007) demonstrated that in SHR 
endothelial cells indomethacin inhibits the acetylcholine-induced COX- 
mediated production of ROS. 

The release of contracting factor(s) can be agonist-specific even in the 
same vascular bed. While acetylcholine stimulates the release of PGI 2 in SHR 
aortae (Gluais et al., 2005), endothelin increases the level of TxA 2 (Taddei & 
Vanhoutte, 1993) and calcium ionophore elevates the amount of both pros- 
tanoids (Gluais et al., 2006). 

Although the aforementioned endothelium-dependent contractions in 
SHR aortae are mediated primarily by COX-1, evidence exists that SHR 
endothelial cells can synthesize and liberate COX-2-derived prostaglandins. 
For example, endothelial COX-2-derived PGF 2oc and 8-isoprostane account 
for the augmented a-adrenoceptor-mediated contractions in SHR arteries 
(Alvarez et al., 2005), and vasoconstrictions in response to tert-butyl hydro- 
peroxide, an oxidative stress from lipid peroxidation, are COX-2-mediated 
(Garcia-Cohen et al., 2000). In deoxycorticosterone acetate salt-induced 
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hypertensive rats, COX-2 protein level is elevated and intraperitoneal admin- 
istration of a selective COX-2 inhibitor NS-398 attenuates hypertension 
(Adeagbo et al., 2005). 

B. Diabetes 

The flow-mediated vasodilatation in the brachial artery is impaired in 
subjects with visceral obesity and diabetes (Hashimoto et al., 1998; Ihlemann 
et al., 2002), and this observation attracts attention as to whether diabetic 
vasculopathies are attributed to an enhanced release of contracting factors. 
A role of COX and the associated generation of vasoconstricting prosta- 
noids, TxA 2 and PGF 2o ,, under hyperglycemic conditions are suggested by the 
in vitro exposure of rabbit aortae to high glucose (Tesfamariam et al., 1990). 
Early studies showed a significant reduction in endothelium-dependent 
relaxations accompanied by augmented contractions in the aortae of allox- 
an-induced diabetic rabbits, and nonselective COX inhibition or TP receptor 
antagonism restores the impaired relaxations and abolishes the contractions. 
TxA 2 , or its precursor PGH 2 (Tesfamariam et al., 1989), and 15-hydroxyei- 
cosatetraenoic acid (15-HETE) are all proposed as the contracting factors in 
this preparation while the release of 15-HETE is also elevated in high 
glucose-treated aortae of normal rabbits (Tesfamariam et al., 1995). 

Diabetic vasculopathies are not limited to aortae. Severely attenuated 
endothelium-dependent relaxations and enhanced contractions are also ob- 
served in mesenteric arteries of type 2 diabetic Otsuka Long-Evans Tokush- 
ima Fatty (OLETF) rats compared with the age-matched control Long-Evans 
Tokushima Otsuka (LETO) rats. Acetylcholine-stimulated production of 
TxA 2 and PGE 2 is increased, accompanied by an elevated expression of 
COX-1 and COX-2, while the activity of endothelial NO synthase and 
protein expression of extracellular superoxide dismutase are reduced in 
OLETF rats (Matsumoto et al., 2007). Chronic oral administration of eico- 
sapentaenoic acid to the OLETF rats reverses the imbalance between vaso- 
constrictions and relaxations, possibly through restoring the NO production 
and suppressing the COX-2 activity via inhibiting extracellular signal-regu- 
lated kinase and nuclear factor kappa B (NF-kB) activation (Matsumoto 
et al., 2009b). Chronic treatment with metformin (an oral antidiabetic 
drug), pyrrolidine dithiocarbamate (a thiol antioxidant), or ozagrel (throm- 
boxane synthase inhibitor) improves the NO- or EDHF-mediated relaxations 
and reduces the EDCF-mediated contractions by reducing the production of 
TxA 2 , PGE 2 , superoxide anion, and normalizing the NF-kB activity 
(Matsumoto et al., 2008, 2009a, 2009c). Mesenteric arteries from diabetic 
db/db mice at age over 12 weeks exhibit a greater transmural pressure- 
induced myogenic tone, which is sensitive to COX inhibition and TP receptor 
antagonism, indicating a positive attribution from vasoconstricting prosta- 
glandins (Lagaud et al., 2001). 
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Streptozotocin induces diabetes in rats by destroying /i-cells in the pan- 
creas. Peredo et al. (2006) examined the profile of the released prostaglandins 
upon the induction of diabetic condition with streptozotocin and found that 
the prostanoid release in rat aortae remains unaltered in the first month of 
streptozotocin treatment. As the diabetic condition progresses, PGI 2 produc- 
tion starts to decline with an increased release of vasoconstricting metabolites 
in both aortae and mesenteric arteries, indicating that long-term diabetic 
condition can lead to unfavorable modification in prostanoid production 
favoring the vasoconstrictors. In the femoral arteries of streptozotocin-trea- 
ted rats, the augmented calcium ionophore (A23187)-induced contraction is 
inhibited by indomethacin, TP receptor antagonist S18886 (terutroban), and 
thromboxane synthase inhibitor dazoxiben, implying a role of TxA 2 ; from 4 
weeks onward after streptozotocin injection, COX-1 expression is increased 
and EP-1 receptor antagonists are required together with terutroban to 
prevent endothelium-dependent contractions (Shi et al., 2007), implying 
that PGE 2 may be another prostanoid generated by the dysfunctional endo- 
thelium. While the EDCF identity of PGE 2 is yet to be confirmed in the 
streptozotocin-induced diabetic rats, Rutkai et al. (2009) has recently 
shown that a 4-day oral administration of EP-1 receptor antagonist 
AH6809 markedly lowers systolic blood pressure in db/db mice and reduces 
the augmented pressure- and angiotensin II-induced tone of pressurized 
gracilis muscle arterioles from untreated db/db mice. Exogenous PGE 2 or 
selective EP-1 receptor agonist 1 7-phenyl-trinor-PGE 2 triggers greater con- 
tractions in the arterioles and EP-1 expression is higher in the aortae of db/db 
mice (Rutkai et al., 2009), which is indicative of a contributory role of PGE 2 
in diabetic vascular dysfunction. In alloxan-induced diabetic Wistar rats, 
relaxation to acetylcholine in the perfused mesenteric arteriolar bed is atte- 
nuated accompanied by an increased generation of superoxide anions. Both 
harmful effects are inhibited by COX-2 inhibition with diclofenac (Akamine 
et al., 2006), suggesting that COX is not only involved in the formation of 
constrictive prostaglandins, PGF 2ot in this case, but also actively exerting 
oxidative stress in the vasculatures. 

Renal pathophysiology is common in diabetic patients (Kamgar et al., 
2006; Mogensen & Schmitz, 1988). Renal COX-2 expression and activity 
are upregulated in streptozotocin-induced type 1 diabetic rats or Zucker 
type 2 diabetic fatty rats, while the latter also exhibits a reduced renal 
COX-1 expression and an increased urinary excretion of PGE 2 and TxB 2 
(Komers et al., 2001, 2005). Preliminary studies on human renal arteries 
showed that acetylcholine evokes contractions in arteries from diabetic 
patients but not from nondiabetic subjects and that the acetylcholine-stimu- 
lated release of PGF 2x in these arteries is prevented by acute treatment with 
celecoxib, a specific and clinically in-use COX-2 inhibitor (Wong et al., 
2009), thus supporting a critical role of COX-2 in diabetic renovascular 
pathologies. 
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C. Hypercholesterolemia 

Hypercholesterolemia patients show a reduced NO-dependent flow- 
mediated vasodilatation (Mullen et al., 2001) and impairment in forearm 
vasodilatation in response to acetylcholine (Noon et al., 1998), while the 
latter can be partially restored with aspirin, suggesting that hypercholesterol- 
emia may lead to an elevated generation of contracting prostaglandins that 
counteract the effects of vasodilators. In vivo production of aspirin-insensi- 
tive 8-epi-prostaglandin F 2a is significantly augmented in patients with hy- 
percholesterolemia, which is suppressed by vitamin E supplementation (Davi 
et al., 1997). Taken together, hypercholesterolemia enhances COX-2 activity 
and/or poses oxidative stress; both situations result in the increased genera- 
tion of vasoconstrictors. 

Indomethacin but not free radical scavenger tempol reverses the im- 
paired relaxations to acetylcholine in nonobese and nondiabetic hypercho- 
lesterolemia rabbits (Jerez et al., 2008). Although COX-2 inhibitor NS 398 
does not improve instead attenuates the relaxations, the exact role of COX-1 
needs to be further established. Jerez et al. pointed out that ROS is 
not involved in vasoconstrictor production in this animal model. The gener- 
ation of vasoactive factors is not confined to the vascular wall in hypercho- 
lesterolemia. Supernatant containing products from polymorphonuclear 
leukocytes of rabbits fed with high cholesterol diet causes endothelium- 
dependent contractions and impairs acetylcholine-induced relaxations in 
the aortae of control rabbits (Hart et al., 1995), indicating a systemic activa- 
tion of inflammatory responses. Since atherosclerosis is closely related to 
hypercholesterolemia, Shimokawa and Vanhoutte (1989) adopted a model 
of atherosclerosis in which endothelium of the porcine left anterior descend- 
ing coronary artery was denuded by a balloon and then the pigs were fed high 
cholesterol diet for 10 weeks. They found that serotonin-induced contrac- 
tions are greater and the endothelium-dependent component is sensitive to 
COX inhibition. 

In contrast to the aforementioned observations of an increase in vaso- 
constrictions in hypercholesterolemia, there are frequent reports of a reduc- 
tion in contractions from aortae of cholesterol-fed animal models (Cohen 
et al., 1988; Dam et al., 1997; Foudi et al., 2009; Pfister & Campbell, 1996; 
Van Diest et al., 1996). The reduction of contraction is neither due to 
vascular remodeling, as acute treatment of inhibitors can abrogate the atten- 
uation, nor due to an elevated production of NO, since NO synthase inhibi- 
tion is without effect (Pfister & Campbell, 1996). The role of arachidonic 
acid-metabolizing enzymes in these cases, however, remains obscure perhaps 
owing to different cholesterol treatment schemes. While Dam et al. proposed 
that the attenuation of contractions may result from a loss of endothelium- 
derived lipoxygenase constrictive products that mediate angiotensin 
II-induced contractions in rabbit aortae, Pfister and Campbell hypothesized 
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a shunt of vasoactive factor production from COX-derived constrictive 
prostanoids to vasodilatory lipoxygenase or cytochrome P450 metabolites 
under hypercholesterolemic conditions. Foudi et al.'s results indicate a posi- 
tive role for COX-2-derived PGI 2 in decreasing vasoconstrictions. 

While COX-2 is considered harmful in hypercholesterolemia, discrete 
evidence does indicate that COX-2 may confer vascular protection when it is 
upregulated by specific treatments. Impaired acetylcholine-induced relaxa- 
tions in the aortae of hypercholesterolemic rabbits are rescued by an 8-week 
treatment with 17/?-estradiol, and this restoration is prevented by nimesulide, 
another COX-2 inhibitor (Ghanam et al., 2000), suggesting that COX-2- 
derived vasodilators may help to improve relaxations. This prompts a pro- 
posal that COX-2 has a dual role in the vascular system — whether it is 
beneficial or harmful actually depends on what the triggering agonists are. 

D. Health and Youth 

Pronounced endothelium-dependent contractions are most observable in 
animal models of diseases. If a delicate balance of vasoconstrictors and 
vasodilators exists in the normal vasculature, blockade of the major vasodi- 
latory pathway should allow the appearance of endothelium-dependent 
contractions; so are endothelium-dependent contractions evident in healthy 
young animals? A recent study from Wong et al. (2009) demonstrated 
the acetylcholine-induced endothelium-dependent contractions in the aortae 
from healthy young hamsters. These contractions are abolished by COX-2 
inhibitors but not by COX-1 inhibitors, and COX-2 expression is clearly 
detectable in quiescent aortic rings, localized mainly in the endothelium. 
COX-2-derived PGF 2ot is identified as the most probable EDCF (Wong 
et al., 2009). Against a common belief that COX-1 is constitutive whereas 
COX-2 is inducible, Wong et al.'s study indicates a crucial and housekeeping 
role of endothelial COX-2 in attaining normal vascular tone (Fig. 3). 

E. Aging 

The brachial artery NO-dependent vasodilatation is usually taken as an 
index in evaluating vascular function in humans. Even among normotensive 
subjects, the dilatation decreases with advancing age. Infusion of indometh- 
acin remarkably potentiates the vasodilatation (Taddei et al., 1997b), indi- 
cating an increased release of COX-derived products which counteract the 
dilatory effect of NO during aging. Hypertension facilitates the early onset of 
aging in the vascular wall, such that in patients with essential hypertension, 
impaired vasodilatations that are responsive to COX inhibition occur at a 
comparatively younger age (Taddei et al., 1997b). Over-production of COX- 
derived vasoconstrictors contributes prominently to the development of 
vascular dysfunctions during aging. Premature aging is also well documented 
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FIGURE 3 In the aorta from young hamsters, acetylcholine (ACh) triggers an influx of 
extracellular calcium (Ca~ + ) in the endothelial cells (EC), and COX-2 is activated to produce 
prostaglandin (PG) F2 a . During aging, COX-2 expression is augmented which leads to increased 
release of PGF 2=I , resulting in greater endothelium-dependent contraction (EDC). Since nitric 
oxide (NO) production is diminished, EDC overrides endothelium-dependent relaxation (EDR), 
such that EDC is observable without pretreatment of NO synthase inhibitor, which is required in 
the aortic rings from the young hamsters. PLA 2 , phospholipase A 2 ; AA, arachidonic acid. 



in animal experiments involving SHR (Abeywardena et al., 2002; Arribas 
et al., 1994; Fujii et al., 1993; Ibarra et al., 2006, Rung & Luscher, 1995). 

Since the vasodilatory effect of NO diminishes with age owing to a 
reduction of its bioavailability, endothelium-dependent contractions become 
more pronounced and readily observable in aged animals even in the absence 
of L-NAME (Wong et al., 2009; Fig. 3). In the aortae of aged rats, particu- 
larly SHR, the endothelium exerts less inhibition on the contractile responses 
toward 5-HT, resulting in greater contractions. While indomethacin does not 
modify 5-HT-induced contractions in arteries from younger WRY and in 
endothelium-denuded arteries from young SHR and aged WRY, it prevents 
the contractions in arteries with intact endothelium from young SHR and 
aged WRY. Surprisingly, 5-HT-induced contractions in endothelium-denud- 
ed arterial rings from aged SHR are inhibited by indomethacin, indicating 
that senescent vascular smooth muscles may be another source of 
COX-derived vasoconstricting factors (Ibarra et al., 2006). 

Endothelium-dependent contractions to calcium ionophore are signifi- 
cantly greater in the femoral arteries from aged rats when compared with 
their younger counterparts. While these contractions are abolished by indo- 
methacin, they can be partially inhibited by specific inhibitors to COX-1 and 
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COX-2, suggesting a joint activation of both COX isoforms during aging. Of 
note, the protein level of both COX-1 and COX-2 is augmented, whereas the 
latter is actually undetectable in arteries from younger rats (Shi et al., 2008), 
indicating an emerging role of COX-2 in aging-related vascular dysfunction, 
which may be responsible for the enhanced endothelium-dependent contrac- 
tions in aged animals. Genomic studies on the endothelial cells show an 
increase in the mRNA levels of COX-1, COX-2, thromboxane synthase, 
PGF synthase, hematopoietic-type PGD synthase, and membrane PGE 
synthase-2 in aged rats, indirectly supporting the exaggerated importance 
of arachidonic acid metabolism through COX during aging. The study from 
Wong et al. (2009) further points to the enhanced contribution of COX-2 in 
endothelium-dependent contractions in hamster aortae, accompanied by an 
upregulation of COX-2 expression and augmented release of and vascular 
sensitivity to PGF 2o ,, while the COX-1 expression remains unaltered. 

F. Endothelial Regeneration 

Endothelial cells may undergo apoptosis in response to pathological 
insults and senescence. Regeneration takes place to reendothelialize the 
injured area in an attempt to compensate for the lost of endothelial function. 
The function of the regenerated endothelial cells, however, does not fully 
recover to the native one as revealed in several animal studies. Relaxations to 
serotonin are attenuated with the appearance of greater serotonin-induced 
endothelium-dependent contractions in the reendothelialized porcine coro- 
nary artery after denudation (Shimokawa et al., 1987), possibly due to 
depressed endothelium-dependent hyperpolarization in response to the ago- 
nist (Thollon et al., 1999). These in vitro results are supported by in vivo 
demonstrations of hypercontractions to intracoronary administration of 
serotonin or aggregating platelets, which are not observed in arteries with 
native endothelium (Shimokawa & Vanhoutte, 1991). Unlike native endo- 
thelial cells, vasoconstrictors are released preferentially in response to sero- 
tonin in the regenerated endothelium and the protection conferred by the 
endothelium against aggregating platelets diminishes. In fact, the expression 
of COX-1 is elevated while that of endothelial NO synthase decreases in the 
regenerated endothelial cells (Lee et al., 2007). Impaired endothelium-depen- 
dent pertussis toxin-sensitive relaxations are also reported in these reen- 
dothelialized arteries, possibly in relation to a reduced amount or 
functionality of Gi proteins (Borg-Capra et al., 1997; Shibano et al., 1994). 
Chronic treatment with a combined 5-hydroxytryptamine-2 receptor antag- 
onist and calcium channel inhibitor LU49938 inhibits vasoconstrictions 
triggered by intracoronary injection of serotonin and eccentric myointimal 
thickening in the reendothelialized coronary arteries, and restores the endo- 
thelium-dependent pertussis toxin-sensitive G protein-mediated responses 
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(Park et al., 1995). Taken together, regenerated endothelial cells following 
vascular injury cannot fully replace the native endothelial function. 

G. Common Requirements of Endothelium-Dependent 
Contractions: Calcium and TP Receptor 

Although different prostanoids may take part in mediating endothelium- 
dependent contractions under various patho/physiological conditions, extra- 
cellular calcium ion is the common requirement for generation and release of 
contracting prostanoids and subsequent vasoconstrictions. COX-1 and 
COX-2 are not calcium-dependent enzymes, but cytosolic phospholipase 
A 2 (PLA 2 ) requires calcium ions to convert membrane phospholipids to 
arachidonic acid as the substrate for COX. This explains why receptor- 
independent calcium ionophore can also trigger prostanoid synthesis and 
endothelium-dependent contractions (Shi et al., 2007, 2008; Tang et al., 
2007). Wong et al. (2009) demonstrate clearly that the presence of extracel- 
lular calcium ions is essential to endothelium-dependent contractions in 
hamster aortae, as acetylcholine fails to elicit contractions in the absence of 
extracellular calcium, while pronounced contractions occur after calcium 
ions are reintroduced. Indeed, acetylcholine-stimulated calcium influx into 
the endothelial cells is prevented by a nonselective cation channel blocker. 
A recent study from Wong et al. (2010) further substantiates that calcium 
influx is critical to endothelium-dependent contractions and store operated 
calcium channel (SOCC) activated by calcium-independent PLA 2 may be also 
involved. 

In addition, TP receptor appears to be the common target for the released 
prostanoids as endothelium-dependent contractions are sensitive to TP 
receptor antagonism, even though each prostanoid has its own natural 
receptor. This may be attributed to a nonselective affinity of the TP receptor 
toward the structurally similar prostanoids. Thus PGI 2 , which conventional- 
ly acts on its IP receptor to produce a vasodilatory effect, activated the TP 
receptor resulting in contractions in the aortae of SHR (Gluais et al., 2005). 
Likewise, endogenous PGF 2=( happens to stimulate the TP receptor instead of 
its own FP receptor to trigger contractions (Wong et al., 2009; Fig. 4). 



IV. Controversies over COX-2 Inhibitors and 
Cardiovascular Events 



Acute infusion of indomethacin augments vasodilatation in hypertensive 
and aged patients, and substantial amount of experimental data on animal 
studies indicates indispensable roles of COX-1 and COX-2 in improving 
endothelium-dependent relaxations and inhibiting the exaggerated vasocon- 
strictions. The concept that chronic COX inhibition may correct the vascular 
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FIGURE 4 Nonselectivity of TP receptor (TPR) to prostanoids. Except its natural agonist 
thromboxane A 2 (TXA2), prostacyclin (PGI2), prostaglandin F 2a (PGF 2 ,»), and isoprostanes can 
also activate TPR. ACh, acetylcholine; COX, cyclooxygenase; 2 "~, superoxide anion; IPR, 
prostacyclin receptor; FPR, FP receptor; EC, endothelial cell; VSMC, vascular smooth 
muscle cell. 



imbalance of endothelium-derived vasoactive factors, however, is antago- 
nized by the outcomes of several large randomized clinical trials particularly 
with the use of specific COX-2 inhibitors, rofecoxib and diclofenac 
(McGettigan & Henry, 2006). Instead of conveying vascular benefit, 
COX-2 inhibition causes adverse cardiovascular events including the 
increased incidence of thrombosis, myocardial infarction, and stroke, leading 
to the withdrawal of Vioxx from the market in 2004 (Marnett, 2009). 
Explanation of such detrimental effects of COX-2 inhibition is attributed 
to a general belief that endothelium-derived COX-2-mediated production of 
PGI2 is suppressed while the level of COX-1-mediated TxA 2 in platelets is 
unaltered, hence favoring platelet activation and aggregation. 

Intriguingly, clinical trials do not demonstrate an increased cardiovascu- 
lar risk in patients treated with another selective COX-2 inhibitor, celecoxib 
(Silverstein et al., 2000; White et al., 2007). Retrospective studies from Cho 
et al. (2003) and meta-analysis from Aw et al. (2005) actually show that 
patients receiving celecoxib therapy have a lower risk of hypertension devel- 
opment and a slightly decreased systolic blood pressure relative to those 
treated with rofecoxib. Patients taking celecoxib have a significantly reduced 
risk for nonfatal myocardial infarction as compared with those not taking any 
NSAIDs or using rofecoxib (Kimmel et al., 2005). In patients with intermittent 
claudication associated with peripheral arterial disease, 1-week celecoxib 
treatment enhances flow-mediated dilatation in the brachial artery and 
reduces levels of inflammatory biomarkers such as high-sensitivity C-reactive 
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protein (Florez et al., 2009). These clinical findings are supported and perhaps, 
accounted by the therapeutic effects of celecoxib against vascular dysfunctions 
in animal models (Abdelrahman & Al Suleimani. 2008; Cheng et al., 2002; 
Hermann et al., 2003). It is clear that inhibition of COX-2 activity may not 
necessarily correlate with the adverse cardiovascular effects; rather, COX-2 
inhibitors may be of potential to treat vascular complications in diabetes and 
hypertension. In fact, it is possible that the side effects of rofecoxib are related 
to its direct inhibition on PGIS (Griffoni et al., 2007). Using the production of 
PGI 2 (measured in form of its metabolite 6-keto PGF la ) as an indicator of 
COX-2 activity with PGH 2 supplied exogenously to bypass the action of 
COX-2, PGIS activity in human umbilical vein endothelial cells is examined. 
While nonselective NSAIDs, acetylsalicylic acid and naproxen, and selective 
COX-2 inhibitor celecoxib do not inhibit the PGIS activity even at a concen- 
tration as high as 0.1 mM, rofecoxib reduces the PGIS activity by ~30% at 
0.1 nM, a concentration that does not inhibit COX-2. Rofecoxib inhibition of 
the PGIS activity is over ~ 60% at 10 /.(M. For a patient taking a single dose of 
rofecoxib (25 mg), the plasma level of rofecoxib ranges between 50 nM and 
1 /.iM, it is thus likely that the PGIS activity may have been suppressed by 
rofecoxib even within the therapeutic dosage. Inevitably, the use of coxibs 
should be reviewed extensively with confirmation on whether the inhibitors 
directly suppress the PGI 2 production via PGIS. 



V. Conclusion 



Endothelium plays a pivotal role in the regulation of vascular tone, and 
the imbalance between the release of relaxing and contracting factors in 
diseased states or aging favors hyperconstrictions of blood vessels. While 
inhibition on the enhanced COX-mediated endothelium-dependent contrac- 
tions may ameliorate vascular dysfunction in diabetes and hypertension and 
celecoxib appears promising in improving cardiovascular function, extensive 
research and trials are required to prove what COX inhibitors are not risk 
prone in the general population. 

In the past decade, a lot of focus has been directed to the role of COX in 
endothelial dysfunction, but seldom has investigations looked deeply into 
how prostanoid synthases or isomerases contribute to the production of 
corresponding prostanoids. This is possibly due to a lack of commercially 
available specific inhibitors against these synthases or isomerases. With the 
development and advances in the technique of using small interfering RNA to 
knock down specific proteins, actions of the synthases and isomerases and 
hence their therapeutic potentials can hopefully be unveiled. Actually, it is the 
action of these downstream synthases and isomerases that eventually deter- 
mine what kind of prostaglandins will be produced and liberated upon 
specific triggers. 
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Meanwhile, TP receptor antagonism with terutroban could provide 
an alternative to correct hyperconstrictions resulting from the augmented 
release of prostanoids, as the TP receptor is a common converging target for 
contracting factors. As aforementioned, the nonselectivity of the TP receptor 
allows the binding of various COX-derived prostanoids and ROS-catalyzed 
isoprostanes. Therefore, there is actually an advantage of antagonizing the 
TP receptor over inhibiting specific COX isozymes in reducing prostanoid- 
induced hyperconstrictions as isoprostanes are insensitive to COX inhibition 
but inhibited by TP receptor antagonism. Liu et al. (2009, 2010) demon- 
strated that vascular dysfunction due to the activation of the TP receptor is 
reversed by terutroban. Indeed, constrictive prostanoids also contribute to 
smooth muscle proliferation, vascular inflammation, and progression of ath- 
erosclerosis (Cyrus et al., 2010; Ishizuka et al., 1998; Zucker et al., 1998), 
thus terutroban also exhibits antithrombotic, antiatherosclerotic, and anti- 
inflammatory properties as reviewed by Chamorro (2009). TP receptor an- 
tagonism could become a therapeutic option to reverse prostanoid-mediated 
vascular dysfunction (Schror, 2009), and development of the third generation 
NSAIDs, dual cyclooxygenase 2 inhibitor (COXIB)/TP antagonists, may 
represent a new strategy in reducing cardiovascular risks while retaining the 
gastrointestinal benefits of COXIBs (Rovati et al., 2010). 
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TP Receptors and Oxidative 
Stress: Hand in Hand from 
Endothelial Dysfunction to 
Atherosclerosis 



Abstract 



Thromboxane A 2 and the activation of TP receptors that it causes play 
an important role in platelet aggregation and therefore in thrombosis. How- 
ever, TP receptors are also involved in the pathologies of the vascular wall 
including impaired endothelium-dependent vasodilation, increased oxidant 
generation, and increased expression of adhesion molecules. The beneficial 
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effects of TP antagonists on the vascular wall attenuate these features of 
vascular disease. They are not shared by aspirin. In fact, TP antagonists are 
active in patients treated with aspirin, indicating that their potential benefi- 
cial effects are mediated by mechanisms different from the antithrombotic 
actions of aspirin. Our studies have demonstrated the vascular benefits of TP 
antagonists in experimental animals, particularly in models of diabetes mel- 
litus, in which elevated levels of eicosanoids play a role not only in vascular 
pathologies but also in those of the kidney and other tissues. They suggest 
that TP blockade protects against fundamental and widespread tissular 
dysfunction associated with metabolic disease including hyperlipidemia and 
hyperglycemia. TP receptor antagonists represent a promising avenue for the 
prevention of vascular disease in part because of these pleiotropic actions 
that extend beyond their antithrombotic properties. 



I. Introduction 



The excess burden of atherosclerotic cardiovascular disease in the West- 
ern world can be attributed to the increased incidence of risk factors such as 
hyperlipidemia, diabetes, and hypertension associated with obesity and met- 
abolic syndrome. Smoking, sedentary life, and inappropriate diet are impor- 
tant, but avoidable, accelerating risk factors. Aging is a progressive "risk" 
factor that becomes increasingly more prominent with the ever advancing life 
span, and a family history of cardiovascular disease is a predictor that 
constitutes an unavoidable burden for the individual patient. The importance 
of prevention of cardiovascular disease by risk factor control (particularly 
hyperlipidemia, diabetes, smoking, and hypertension) cannot be over- 
stressed. In addition, pharmacological therapies have now been proved to 
add significant protection against cardiovascular disease. This is in particular 
the case for HMG CoA reductase inhibitors (statins) and inhibitors of the 
renin-angiotensin system (especially angiotensin converting enzyme inhibi- 
tors [ACEI]). The antiatherosclerotic effects of statins exceed their ability to 
lower cholesterol, and those of ACEI go beyond their antihypertensive 
effects. In each of these two cases, a large body of experimental evidence 
supports pleiotropic effects, exerted at the level of the blood vessel wall, 
resulting in inhibition of inflammation and growth factor signaling, that 
are key to the progression of vascular disease. However, since neither of 
these two classes of drugs has important antithrombotic effects, in large 
numbers of patients at risk of cardiovascular disease, aspirin is administered 
to prevent thrombotic and embolic complications of atherosclerosis. 

TP antagonists were developed as antiplatelet agents principally to pre- 
vent recurrent embolic stroke. Animal studies showed that TP antagonists 
have potent antiplatelet actions that are attributed to their ability to specifi- 
cally target the platelet TP receptors, which are stimulated by platelet-derived 
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thromboxane A 2 . In addition, animal and cell studies have revealed other 
advantageous effects of those TP antagonists that may add significantly to the 
treatment of patients with arteriosclerotic cardiovascular disease (Rosenfeld 
et al., 2001; Verbeuren, 2006; Verbeuren et al., 1995). The benefits of 
blocking TP receptors may arise as a result of activation of eicosanoid 
production that accompanies the widespread vascular and organ inflamma- 
tion and the increased oxidant stress associated with vascular disease (Fig. 1). 
As a result of inflammation, activation of phospholipases releases arachido- 
nic acid, which serves as substrate for the production of eicosanoids. 
As reviewed below, the inflammation also increases the production of 
oxidants that shift the production/effects of the eicosanoids generated from 
vasodilation and antithrombosis to vasoconstriction, inflammation, and 
prothrombosis. 
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FIGURE I Role of TP receptors in cardiovascular disease. Cardiovascular risk factors, 
including hyperglycemia, hypertension, and hyperlipidemia, increase (plus sign) the expression 
and activity of endothelial and inducible nitric oxide synthase (eNOS, iNOS, respectively) and 
NADPH oxidase. As a result, the levels of nitric oxide ("NO), superoxide (0 2 "), and hydrogen 
peroxide (H 2 2 ) increase. Peroxynitrite (OONO~) the reaction product of "NO and 2 " also 
increases. OONO~ tyrosine nitrates (nY) PGI 2 synthase (PGIS) decreasing the production 
of PGI 2 . As a result, arachidonic acid derived endoperoxide (PGH 2 ) is shunted to other pros- 
taglandins (PGs), thromboxane A 2 (TxA 2 ), hydroxyeicosatetraenoic acids (HETEs), and 
8-isoprostanes (isoP), all of which stimulate TP receptors. TP activation can increase inflamma- 
tion and oxidants, accentuating the pathology of atherosclerosis, hypertension, and diabetes. 
These pathologies contribute to the production of oxidants as well as to the activation of 
phospholipases that are responsible for an increased generation of arachidonic acid products. 
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II. Arachidonic Acid Derivatives and Oxidative Stress 



Arachidonic acid is released from membrane phospholipids by phospholi- 
pases and metabolized by cyclooxygenases (COXs), lipoxygenases, and cyto- 
chrome P450 monooxygenases. Two different COXs (COX-1 and COX-2) 
have been cloned and characterized. In most tissues, COX-1 is expressed 
constitutively, while COX-2 is often induced at sites of inflammation. However, 
COX-2 is also expressed constitutively in several organs and cell types, includ- 
ing endothelial cells. In the vascular wall, both endothelial and vascular smooth 
muscle cells express COXs; however, in healthy blood vessels, endothelial cells 
contain much more of the enzyme than the surrounding smooth muscle cells. 
Various biologically active eicosanoids are formed from short-lived but biologi- 
cally active endoperoxides (PGH 2 ), through the action of various prostaglandin 
(PG) synthases PGD, PGE, PGF, PGI, and thromboxane synthases. PGs interact 
with G-protein-coupled receptors, classified in five subtypes DP, EP, FP, IP, 
and TP receptors in function of their preferential affinity toward the five primary 
prostanglandins PGD 2 , E 2 , F 2oi , I 2 (prostacyclin), and thromboxane A 2 , respec- 
tively (Tsuboi et al., 2002). 

In most blood vessels, prostacyclin is the principal metabolite of arachi- 
donic acid, the endothelium being the major site of its synthesis. By stimulat- 
ing its preferential IP receptor, PGI 2 is a potent inhibitor of platelet adhesion 
to the endothelial cell surface and of platelet aggregation, and generally acts 
as an endothelium-derived vasodilator and inhibitor of vascular smooth 
muscle migration and proliferation (Fetalvero et al., 2007; Moncada & 
Vane, 1979). The genetic deletion of IP receptors is associated with increased 
injury-induced restenosis (Cheng et al., 2002), thrombotic events (Murata 
et al., 1997), atherosclerosis (Egan et al., 2004; Kobayashi et al., 2004), and 
reperfusion injury (Xiao et al., 2001). 

In the cardiovascular system, thromboxane A 2 is predominantly derived 
from platelet COX-1, but can also be produced by other cell types including 
endothelial cells. The stimulation of TP receptors elicits not only platelet 
aggregation and smooth muscle contraction but also the expression of adhe- 
sion molecules and the adhesion and infiltration of monocytes/macrophages 
(Nakahata, 2008). Thromboxane A 2 is by far the preferential physiological 
ligand of TP receptors but PGH 2 and other PGs as well as isoprostanes and 
hydroxyeicosatetraenoic acids (HETEs), although at higher concentrations, 
can activate this receptor with a various range of potency (Feletou et al., 
2010b). By contrast, epoxyeicosatrienoic acids), which act as endothelium- 
derived hyperpolarizing factors in some vascular beds (Feletou & Vanhoutte, 
2006b) and their dihydro-derivatives have been identified as selective endog- 
enous antagonists of the TP receptors (Behm et al., 2009). 

Mice deficient in TP receptors are normotensive but have abnormal 
vascular responses to thromboxane A 2 and show a tendency to bleeding 
(Thomas et al., 1998). The deletion of TP receptors decreases vascular 
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proliferation and platelet activation in response to intimal lesions (Cheng 
et al., 2002), delays atherogenesis in apoE~'~ mice (Kobayashi et al., 2004), 
and prevents angiotensin II- and L-NAME-induced hypertension and the 
associated cardiac hypertrophy (Francois et al., 2004, 2008). TP knockout 
mice are also protected against various LPS-induced responses such as the 
increase in iNOS expression (Yamada et al., 2003), acute renal failure (Boffa 
et al., 2004), and inflammatory tachycardia (Takayama et al., 2005). 

Reactive oxygen species, such as superoxide anion (0 2 ~") and hydrogen 
peroxide (H 2 2 ), are derived from multiple sources within inflammatory leu- 
kocytes and vascular tissues including NADPH oxidase, uncoupled endothelial 
and inducible endothelial nitric oxide ("NO) synthase (eNOS, iNOS), xanthine 
oxidase, COXs, lipoxygenases, cytochrome P450 monooxygenases, and excess 
substrate utilization by mitochondria. Additionally, "NO react with 2 ~" to 
form the extremely potent oxidant, peroxynitrite (ONOO~). Reactive oxygen 
species can inhibit endothelium-dependent vasodilator pathways (i.e., the NO 
and the endothelium-derived hyperpolarizing factor [EDHF] pathways) and 
shift the balance in response to eicosanoids from vasodilation and antithrom- 
bosis toward vasoconstriction and prothrombosis. Superoxide anions reduce 
the bioavailability of NO, inhibit its main target, soluble guanylyl cyclase, 
and inactivate calcium-activated potassium channels. Peroxynitrites inhibit 
guanylyl cyclase, superoxide dismutases, and decrease the EDHF component 
of flow-mediated vasodilation (Feletou & Vanhoutte, 2006a). PGI 2 synthase is 
among the most sensitive targets of peroxynitrites and is inactivated by con- 
centrations as low as 50 nM (Schmidt et al., 2003; Zou et al., 2002a, 2002b). 
When PGI 2 synthase is inactivated, the excess PGH 2 is shunted toward other 
metabolic pathways leading to a variety of products that can activate TP 
receptors and are, in general, deleterious to vascular function. 

Reactive oxygen species enhance the stability and increase the density of 
functional TP receptors at the cell membrane (Valentin et al., 2004; Wilson 
et al., 2009) and, in endothelial cells, the activation of TP receptors inhibits 
NO production (Liu et al., 2009). The generation of deleterious eicosanoids, 
the posttranscriptional stabilization of TP receptors, and the decreased pro- 
duction of NO are reactive oxygen species-dependent feed-forward loops 
further altering the unbalance between relaxing/antithrombosis and con- 
tracting/prothrombosis pathways. Taken in conjunction, this experimental 
evidence indicates that TP receptors are likely to play a pivotal role in 
cardiovascular diseases (Feletou et al., 2010a). 



III. Vascular Function 



The understanding of vascular regulation was revolutionized by the 
discovery of Robert Furchgott, who recognized that the normal arterial 
endothelium released the vasodilator, nitric oxide ("NO) when stimulated 
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with agents that include acetylcholine, bradykinin, or the calcium ionophore, 
A23187 (Furchgott & Zawadzki, 1980; Martin et al., 1985). It was soon 
recognized that diseased arteries had diminished endothelium-dependent 
vasodilator responses while, at least in the early stages of the diseases, 
retaining the ability of their smooth muscle cells to relax normally to "NO 
donors such as nitroglycerin and sodium nitroprusside. In many 
respects, Furchgott's discovery brought the focus of pathophysiology of 
vascular disease to the endothelium and generated the concept of endothelial 
dysfunction. 

A. Hypertension 

In the aorta of spontaneously hypertensive rats (SHR), when compared 
to that of normotensive Wistar-Kyoto rats (WKY), it was first shown that the 
impaired endothelium-dependent relaxations were restored by the presence 
of COX inhibitors (Liischer & Vanhoutte, 1986). The endothelial dysfunc- 
tion was associated with the generation of a diffusible endothelium-derived 
contracting factor(s) (EDCFs) that opposes the relaxing effect of nitric oxide 
with no or little alteration in its production. In healthy blood vessels, the 
release of EDCF is tempered by the presence of NO (Tang et al., 2005) and 
EDHF (Michel et al., 2008). 

In the SHR aorta, the sequence of events leading to endothelium-dependent 
contractions requires an exacerbated increase in endothelial intracellular 
calcium concentration, the phospholipase A2-dependent mobilization of 
arachidonic acid, the activation of COX-1, and the resulting production of 
reactive oxygen species along with that of eicosanoids. The latter diffuses 
toward the vascular smooth muscle cells and directly activates the TP recep- 
tors while the former enhances the stability and increases the density of this 
receptor, as it was indicated above. Furthermore, reactive oxygen species can 
stimulate COX-1 in the smooth muscle (with subsequent stimulation of TP 
receptors by the produced prostanoids) and/or are involved in a positive 
feedback loop on the endothelial cells by further activating COX (Feletou 
et al., 2010a, 2010b; Harlan & Callahan, 1984). 

Inhibition of thromboxane A 2 synthesis does not affect the endothelium- 
dependent contractions to acetylcholine but partially inhibits those in 
response to the calcium ionophore, A23187, to ADP and to endothelin-1, 
indicating that thromboxane A 2 is only one of the EDCFs that can be released 
from SHR aortic endothelial cells. The other EDCFs released by acetylcholine 
have been identified as PGH 2 and prostacyclin. The contribution of the latter 
is due importantly to the abundance of prostacyclin synthase in the endothe- 
lial cells, compared to the other specific synthases, and thus to the over- 
whelming production and release of prostacyclin (Tang & Vanhoutte, 2008). 
The contribution of prostacyclin to EDCF-mediated responses may seem 
paradoxical, as one would expect the prostanoid to rather contribute to 
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endothelium-dependent relaxations. However, a characteristic of the SHR 
(but also of aged normotensive rats) is that their vascular smooth muscle cells 
(but not their platelets) have lost the responsiveness to IP receptor activation, 
and that prostacyclin, being a weak activator of the TP receptors, produces 
contraction (Gluais et al., 2005). At present, in the SHR, the origin of the 
nonfunctionality of the IP receptor is unknown. In human, polymorphism of 
the IP receptor has been associated with venous thrombosis and cardiovas- 
cular diseases (Patrignani et al., 2008; Stitham et al., 2007) but is unlikely to 
explain the dysfunction in the SHR aorta, since it is vascular smooth muscle 
selective. However, extracellular, transmembrane and cytosol-located 
cysteines play an important role in the trafficking, addressing, and structural 
integrity of the IP receptor and therefore in its function (Miggin et al., 2003; 
Stitham et al., 2006). Considering the susceptibility of cysteines to redox 
stress, this mechanism could be at the origin of the IP receptor dysfunction in 
hypertension. 

In the SHR aorta, the endothelial cells also produce PGE 2 and PGF 2o ,. 
These PGs can be produced actively from PGH 2 by their specific synthases or 
even spontaneously, in a nonenzymatic way. In the rat aorta, from either 
WKY or SHR, the mRNA expression of all the PG receptors can be detected, 
although at very low levels (Tang & Vanhoutte, 2008). However, the con- 
tractions in response to PGE 2 and PGF 2a involve the TP receptor and not 
their preferential EP and FP receptors, respectively (Gluais et al., 2005), 
suggesting that, in the rat aorta, either these proteins are not properly 
expressed or that these receptors are not functional. Nevertheless, in the 
SHR aorta the involvement of PGE 2 as an EDCF has been ruled out (Tang 
et al., 2008), although in the femoral artery of a rat model of diabetes, this PG 
activates EP receptors and contributes to endothelium-dependent contrac- 
tions (Shi et al., 2007). Similarly, although in genetically modified mice 
PGF 2oc and the FP receptor have been associated to hypertension and athero- 
sclerosis (Yu et al., 2009), and in the hamster aorta, PGF 2ot , via the activation 
of the TP receptors, is the predominant EDCF (Wong et al., 2009), in the 
SHR aorta, the contribution of PGF 2=( to EDCF-mediated responses, by 
activation of either FP or TP receptors, is at best marginal. In the SHR 
aorta, the involvement of isoprostanes, at least 8-iso-PGF 2ot , is unlikely 
since its production cannot be detected and since the contractile responses 
elicited by this compound (as those produced by PGE 2 and PGF 2 J do not 
mimic the endothelium-dependent contractions in term of amplitude and 
kinetic (Gluais et al., 2005). Nevertheless, the involvement of isoprostane(s) 
cannot be excluded in the vascular dysfunction observed in diabetes and/or 
atherosclerosis, which are associated with elevated levels of oxidative stress. 

The contribution of EDCF to endothelial dysfunction was first observed 
in the SHR but has since been reported in numerous other models of 
hypertension. In SHR endothelial cells, the mRNA and protein expression 
of COX-1 are enhanced when compared to that of WKY, and in both strains, 
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they are augmented by aging. However, COX-2-derived contractile prosta- 
noids can also be produced in arteries of both WKY and SHR as well as in 
various other models of hypertension and/or aging. The identity of the 
eicosanoids associated with EDCF-mediated responses depends on the 
model and the stimulating agent, but the activation of the TP receptors is 
ultimately involved in the endothelial dysfunction (Feletou et al., 2010b). 
In most rat models of hypertension (SHR, Dahl-salt sensitive, DOCA-salt, 
and renovascular hypertensive rats), the production of prostacyclin from the 
aortic wall is enhanced compared to that of normotensive controls (Ishimitsu 
et al., 1991), but this PG will be involved only in EDCF-mediated responses 
when the IP receptor is defective. 

In hypertensive patients, but not in healthy subjects, the reduced 
vasodilation in response to acetylcholine is improved by the administration 
of indomethacin, a nonspecific COX inhibitor (Taddei et al., 2000). Interest- 
ingly, indomethacin and vitamin C also restore the inhibitory effect of a NO- 
synthase inhibitor on acetylcholine-induced vasodilation, indicating that, as 
in the SHR, the activation of COX generates not only EDCF but also reactive 
oxygen species that reduce the bioavailability of NO. In normotensive sub- 
jects, aging mainly affects the formation of NO and EDCF production only 
appears in old age. However, the presence of hypertension seems to cause an 
earlier onset of alteration in the L-arginine-NO pathway and also earlier 
formation of vasoconstrictor prostanoids, suggesting that the endothelial 
dysfunction observed in essential hypertension could be a mere acceleration 
of the changes seen in aging (Virdis et al., 2010). In these hypertensive 
patients, the selective inhibition of COX-1 partially restores the impaired 
acetylcholine-induced increase in forearm blood flow while the selective 
inhibition of COX-2, which does not produce any adverse effects in the 
forearm of healthy subjects (Verma et al., 2001), further reduces the response 
to the muscarinic agonist. These results indicate that COX-1-derived con- 
tractile PGs contribute to the endothelial dysfunction and that the reduced 
production of vasodilator PGs (prostacyclin) secondary to COX-2 inhibition 
is of minor importance in subjects with normal endothelial function, but 
becomes relatively more important in hypertensive patients with endothelial 
dysfunction, where they could play a beneficial compensatory role (Bulut 
et al., 2003). Similarly, a diminished prostacyclin receptor signaling, as 
observed in patients with a dysfunctional IP receptor mutation, results in 
accelerated atherothrombosis (Arehart et al., 2008). 

In hypertensive patients, when compared to normotensive subjects, 
prostacyclin plasma levels are generally decreased (Frolich, 1990; 
Kuklinska et al., 2009). Since the endothelial generation of prostacyclin is 
only a fraction of the total synthesis of this PG, the plasma levels may not 
adequately represent the endothelial production. Alternatively, in hyperten- 
sive patients, the duration of the disease far exceeds what is generally 
observed in rodent models of hypertension and a prolonged exposure to 
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oxidative stress may lead to tyrosine nitration of the PGI 2 synthase and 
the redistribution of PGH 2 metabolism toward other PGs, such as PGE 2 
and PGF 2=( , that also activate TP receptors (Bachschmid et al., 2003; 
Zouetal., 1999). 

In line with the phenotype observed in TP receptor knockout mice, TP 
receptor antagonists given in vivo evoke no or only minor changes in arterial 
blood pressure, but they limit the endothelial dysfunction associated not only 
with hypertension (Gelosa et al., 2010; Tesfamariam & Ogletree, 1995) but 
also, as described in the following sections, with diabetes and atherosclerosis. 

B. Diabetes 

It is now generally accepted that hyperglycemia-induced reactive species 
generation contributes to the pathogenesis of the cardiovascular diseases 
associated with diabetes (Fatehi-Hassanabad et al., 2010). 

Arteries from diabetic rabbits (Tesfamariam & Cohen, 1992a, 1992b; 
Tesfamariam et al., 1989, 1990, 1991, 1995) and diabetic atherosclerotic 
mice also demonstrated abnormal acetylcholine-induced relaxations, and in 
mice these alterations were prevented by oral treatment with the TP antago- 
nist, S18886 (Fig. 2; Zuccollo et al., 2005). The fact that the TP antagonist 
added in vitro could immediately prevent the abnormal relaxations in arteries 
from untreated diabetic mice, strongly suggested that the release of a vaso- 
constrictor eicosanoid is responsible (Zuccollo et al., 2005). As in arteries 
from hypertensive animals, it became clear early on that the prostanoid that 
countered the effects of "NO in arteries from diabetic animals was not 
thromboxane A 2 , because thromboxane synthase inhibitors did not prevent 
the abnormality. Instead, the vasoconstrictor activity could be ascribed to the 
product of COX, prostaglandin endoperoxide (PGH 2 ; Cohen et al., 1988; 
Pagano et al., 1991; Tesfamariam & Cohen, 1992a, 1992b) or other eicosa- 
noids, such as 12- and 15-HETE (Tesfamariam et al., 1991), whose produc- 
tion increases as a result of shifting eicosanoid production away from PGI 2 
synthase. As mentioned above, the cause of this shift in PGH 2 levels has been 
attributed to the increased production of peroxynitrite and the resulting 
inactivation of PGI 2 synthase in diseased arteries. For instance, in the arterial 
wall of atherosclerotic carotid arteries taken from type II diabetic patients, an 
enhanced tyrosine nitration of prostacyclin synthase is observed and is 
associated with excessive vascular inflammation (He et al., 2010). Depending 
on the type of vascular pathology, mitochondria, NADPH oxidase (Wang 
et al., 1999, 2001, 2002), or eNOS (Zou et al, 2002a, 2002b) can produce 
increased amounts of 2 ~". High levels of oxidants also increase the forma- 
tion of nonenzymatic oxidation products of arachidonic acid, the isopros- 
tanes, which are potent activators of TP receptors. In addition, we found that 
exposure of human endothelial cells to inflammatory cytokines or high 
glucose decreases the expression of eNOS, and that the decrease can be 
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FIGURE 2 High glucose and diabetes impair endothelium-dependent vasodilatation. 
(A) Normal rabbit aortic ring (top) is contracted with phenylephrine and then fully relaxed by 
increasing concentrations of acetylcholine which releases "NO from the endothelium. After the 
ring below was exposed to 800 mg/dL glucose (44 mmol/L) for 6 h, phenylephrine caused a 
similar contraction, but acetylcholine caused less relaxation and each concentration caused 
a contraction due to the release of vasoconstrictor eicosanoids (from Tesfamariam et al., 
1990). (B) Rings of aorta of apolipoprotein E deficient (apoE ) mice made diabetic for 
6 weeks with streptozotocin were contracted and relaxed by acetylcholine, following a similar 
protocol. Aortae of diabetic apolipoprotein E deficient mice relaxed significantly less than those 
of nondiabetic mice (*). Treatment of the diabetic mice with S18886 during the 6 weeks of 
diabetes or incubation of the ring of aorta from an untreated diabetic mouse with SI 8886 in vitro 
improved the vasodilator response to acetylcholine so that there was no longer a significant 
difference with that of nondiabetic mice (from Zuccollo et al., 2005). 



prevented by SI 8886. Therefore, it is likely that multiple mechanisms 
contribute to the improvement in vascular function associated with TP 
receptor blockade. 

Although these studies were conducted in experimental animals, it is 
likely that vasoconstrictor eicosanoids contribute to vascular dysfunction in 
human patients. This is no better demonstrated by the fact that impaired 
acetylcholine-induced vasodilation in patients with coronary artery disease 
are immediately improved by TP blockade with S18886 (Belhassen et al., 
2003). The fact that the patients in this study were already treated with 
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aspirin suggests that COX-2 activity, rather than COX-1, may be the main 
source of the vasoconstrictor prostanoids involved in diminishing vasodila- 
tion in the patients with coronary artery disease. Indeed, in patients 
with severe coronary artery disease, COX-2 inhibition improved flow- 
mediated dilatation (Chenevard et al., 2003). Nevertheless, for the reasons 
mentioned above, it is also possible that HETE's or other eicosanoids, such as 
isoprostanes, are involved. 



IV. Vascular Inflammation 



Activation of TP receptors may be directly implicated in the chronic inflam- 
matory response (Cayatte et al., 2000; Zuccollo et al., 2005) which contributes 
to the advancement of atherosclerotic vascular disease. TP agonists such as 
U46619 are potent stimulators of the expression of vascular cell adhesion 
molecule- 1 (VCAM-1), a principal mediator of leukocyte adhesion to the 
endothelium (Cayatte et al., 2000; Zuccollo et al., 2005 ). Nitric oxide, oxidants, 
and eicosanoids also modulate the inflammatory response of the endothelium to 
cytokines and metabolic factors such as elevated glucose and fatty acids. As an 
integral part of the inflammatory response, iNOS is induced which is responsi- 
ble for the production of both "NO and 2 ', NADPH oxidase is activated 
which produces more 2 ~" and H 2 2 , and phospholipases are stimulated 
which liberate more arachidonic acid. This being the case, it is thus not 
surprising that TP antagonists decrease the inflammatory response in endothe- 
lial cells (Ishizuka et al., 1996; Zuccollo et al., 2005). For example, human 
endothelial cells cultured in high glucose media, that simulate the proinflamma- 
tory diabetic milieu, show increased surface expression of VCAM-1, and TP 
blockade inhibits this increased expression (Fig. 3; Zuccollo et al., 2005). Our 
studies thus stress the importance of the endothelial TP receptor for the regula- 
tion of adhesion molecules that are essential in mediating inflammation. 

Stimulating TP receptors also increases VCAM-1 expression in smooth 
muscle cells (Bayat et al., 2008). Although leukocyte adhesion to endothe- 
lium is the primary event in inflammation, vascular smooth muscle inflam- 
mation is presumably important in enhancing the deleterious influx and 
retention of leukocytes in the vascular wall. TP receptor stimulation 
enhanced VCAM-1 expression in smooth muscle cells, not by stimulating 
NFkB, the prototypical inflammatory transcription factor, but rather by 
stimulating JUN kinase and the transcription factor, API. The importance 
of this mechanism is seen in the aorta of diabetic hyperlipidemic apolipo- 
protein E deficient mice in which atherosclerosis is dramatically accelerated 
compared with nondiabetic mice, and which express VCAM-1 throughout 
the aortic wall (Fig. 3). Treating the mice with S18886 prevented 
the VCAM-1 expression indicating that TP receptors are stimulated by 
endogenous eicosanoids throughout the vasculature and that this 
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FIGURE 3 S18886 decreases VCAM-1 expression. (A) Human aortic endothelial cells in 
culture were incubated for 3 days in normal (5 mmol/L) or elevated (30 mmol/L or 600 mg/dL) 
glucose. High glucose significantly increased VCAM-1 expression assessed by immunoblotting, 
whereas a similar osmotic concentration of mannitol had no effect. S18886 (1-10 /(mol/L) 
decreased the expression and normalized the expression of VCAM-1 in cells exposed to high glucose 
(from Zuccollo et al., 2005). (B) VCAM-1 expression demonstrated by immunohistochemistry is 
increased throughout the vascular wall of diabetic apolipoprotein E deficient mice, but treatment of 
such mice with S18886 prevents the increase. * values significantly different from control; § values 
significantly different from high glucose value (from Zuccollo et al., 2005). 



contributes to the pathology and explains the antiatherogenic actions of TP 
blockade (Bayat et al., 2008). 



V. Atherosclerosis 



Because of the role of TP receptors in regulating the vasomotor and 
inflammatory events in blood vessels in general, and the endothelium in 
particular, it may be suspected that changes in "NO and adhesion molecules 
observed in in vitro studies of cultured cells and isolated arteries might also 
be found in longer term in vivo studies. Indeed, treating hyperlipidemic 
apolipoprotein E deficient mice with SI 8 8 86 led to a 25% decrease in early 
atherosclerotic lesion development in the root of the aorta without affecting 
the hypercholesterolemia in these animals (Fig. 4; Cayatte et al., 2000). 
Because of the antiplatelet actions of the TP antagonist, mice were also 
treated with aspirin. The high dose of aspirin used inhibited thromboxane 
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FIGURE 4 S18886 decreases atherosclerosis in the apolipoprotein E deficient mouse. 
Apolipoprotein E deficient mice were fed normal mouse chow and treated with either S18886 or 
aspirin from 10 to 21 weeks of age. Atherosclerotic lesions at the base of the aorta were assessed by 
cross sections of the aortic root (upper left: representative cross section of the aortic root in control 
mice). Shown at the upper right is the circumscribed lesion area of the aortic root cross section 
shown on the left panel (control mice), which was analyzed and quantified. The lower part of 
the figure is the summary bar graph showing that SI 8886 caused a significant (*, 25% ) decrease in 
the lesion area, whereas aspirin had no significant effect (from Cayatte et al., 2000). 



A 2 production during platelet aggregation to an even greater extent than 
S18886, and yet atherosclerotic lesions were unaffected (Cayatte et al., 
2000). Although studies in another mouse model did identify antiatherogenic 
actions of aspirin that are compatible with a role of platelets in atherogenesis 
(Cyrus et al., 2002), our results strongly point to a mechanism of action 
of SI 8 8 86 resulting in a decreased atherosclerotic lesion development 
distinct from inhibiting platelet aggregation. In support of a direct vascular 
effect of the TP antagonist, we found that serum-soluble intercellular 
adhesion molecule-1, which is shed by endothelial cells into the blood, was 
decreased by SI 8 8 86, but not by aspirin. These results strongly suggest that 
at least some of the antiatherosclerotic action of SI 8 8 86 is distinct from its 
antiplatelet activity. 



98 Feletou et al. 

In a subset of New Zealand white rabbits that lack TP receptors only in 
the vasculature, when compared to control rabbits, a cholesterol-enriched 
diet produces a less severe impairment of endothelium-dependent relaxations 
and the incidence of aortic lesions caused by the diet is diminished (Pfister, 
2006). Pharmacological studies with TP receptor antagonists have confirmed 
the deleterious effect of TP receptor activation. In hypercholesterolemic 
rabbits, the inhibition of plaque formation by S18886 is accompanied by a 
decreased infiltration of macrophages (Worth et al., 2005). In rabbits with 
long-term atherosclerosis, the treatment with SI 8 8 86 caused regression of 
the atherosclerotic lesions transforming them into a more stable phenotype 
(Viles-Gonzalez et al., 2005). The beneficial effect of blocking TP receptors 
on the development of atherosclerosis has been confirmed by the demonstra- 
tion that apolipoprotein E mice that are genetically deficient in TP receptors 
also develop less atherosclerosis (Kobayashi et al., 2004). Although the 
platelet function of TP receptor deficient mice were inhibited as expected, 
studies in which TP receptor intact or deficient bone marrow was trans- 
planted into TP receptor intact or deficient mice showed that the antiathero- 
sclerotic protection was conferred by the lack of vascular TP receptors, 
but not by that of TP receptors on bone marrow-derived platelets or leuko- 
cytes (Zhuge et al., 2006). Additionally, in atherosclerotic plaques taken 
either from a murine model of atherosclerosis or from atherosclerotic 
patients, thromboxane synthase is expressed and is associated with throm- 
boxane A 2 generation (Gabrielsen et al., 2010). These results confirm that a 
TP antagonist can inhibit atherosclerosis development independently of its 
antiplatelet effects. 

The role of TP receptors in the marked deterioration of endothelial 
vasodilator function and inflammation associated with hyperglycemia and 
diabetes also predicts that TP receptor blockade might be particularly effective 
in combating the accelerated atherosclerosis associated with diabetes. Indeed, 
in apolipoprotein E deficient mice with type-1 diabetes induced with strepto- 
zotocin, atherosclerotic lesions were increased at least threefold (Fig. 5; Park 
et al., 1998; Zuccollo et al., 2005). Treatment with S18886 abrogated this 
dramatic enhancement of atherosclerosis caused by diabetes, indicating that 
TP receptors played an essential role (Zuccollo et al., 2005). The finding is all 
the more impressive, because there was no effect of the TP antagonist on the 
hyperlipidemia or hyperglycemia in the treated mice. The TP antagonist not 
only decreased lesions throughout the aorta but also prevented the decrease in 
eNOS expression and the increase in vascular VCAM-1 expression. In addi- 
tion, the accumulation of nitrotyrosine and advanced glycation end products 
in the aorta were prevented. Nitrotyrosine accumulates in tissues and cells 
exposed chronically to oxidants and reactive nitrogen species including per- 
oxynitrite, and advanced glycation end products are generated as a result of 
inflammation and oxidants, particularly in the setting of hyperglycemia. These 
results indicate that not only do in vivo studies confirm the results of studies 
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FIGURE 5 S18886 prevents the acceleration of atherosclerosis caused by diabetes. 
Apolipoprotein E deficient mice made diabetic with streptozotocin from 9 to 15 weeks of age 
were treated or not with S18886. Lipid laden atherosclerotic plaques were stained with Sudan IV 
and photographed (left). Lesions were visible on the aortic arch and at spinal branch points. Diabetic 
apolipoprotein E deficient mice experienced a threefold increase in lesions, but this increase was 
entirely prevented by treatment with S18886. * values significantly different from non diabetic 
apoE-/-; t value significantly different from untreated diabetic apoE-/- (from Zuccollo et al., 2005). 



obtained in vitro in cultured endothelial cells exposed to hyperglycemic con- 
ditions (in which beneficial effects of S18886 on eNOS expression and inflam- 
mation were observed) but blocking TP receptors attenuates the deleterious 
tissue consequences of inflammation mediated by oxidants. 

Of course, in diabetes, the tissular consequences of the metabolic dys- 
function and inflammatory activation may be widespread. For example, the 
pathophysiology of diabetic nephropathy includes oxidant activation and 
eicosanoid generation which is stimulated by angiotensin II and prevented by 
ACEI (Candido et al., 2002). In apolipoprotein E deficient mice, we found 
that the induction of diabetes led to a more than 10-fold increase in micro- 
albuminuria (Xu et al., 2006). Treatment with S18886 significantly 
prevented the albuminuria as well as the accompanying increases in TGF/J 
expression, collagen matrix deposition, and defects in glomerular morpholo- 
gy that were associated with the diabetic state (Xu et al., 2006). There were 
also dramatic increases in inflammatory enzymes in the kidney of diabetic 
apolipoprotein E deficient mice including the p47 p ox subunit of NADPH 
oxidase, iNOS, and 12-lipoxygenase. The latter enzyme is the mouse 
homolog of human 15-lipoxygenase, both of which can elaborate HETEs 
that stimulate TP receptors. There was a fivefold increase in urinary 12- 
HETE, potentially explaining the beneficial effects of SI 8 886 on albuminuria. 
In addition, there was an approximately 10-fold increase in 8-iso-PGF lo ,, one 
of the many isoprostanes produced by the actions of oxidants on arachidonic 
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acid which also stimulate TP receptors. These studies point out that in diabetes 
not only is there increased production of multiple eicosanoids that stimulate 
TP receptors but also that treatment with the TP antagonist is associated 
with broad effects to decrease inflammation and activation of oxidant path- 
ways. Thus, treatment with S18886 may positively reinforce the effect of 
blocking TP receptors by decreasing the production of TP stimulating 
eicosanoids. These effects go far beyond those of inhibiting platelet aggrega- 
tion. This was demonstrated directly by the fact that diabetic animals treated 
with aspirin did not show the benefit observed in the diabetic animals treated 
with S18886 as regard either atherosclerotic lesions (unpublished studies) or 
nephropathy (Xu et al., 2006). The protective renal actions of S18886 have 
also been observed in the uninephrectomized obese Zucker rat (Sebekova 
et al., 2007), and the TP antagonist attenuated renal damage in the double 
transgenic hypertensive rat harboring the human renin and angiotensinogen 
genes (Sebekova et al., 2008). Thus, the protective renal actions of S18886 
extend to both type 1 and type 2 diabetes and renovascular hypertension, 
illustrate the role of TP receptors in these pathologies, and are particularly 
advantageous in treating complex cardiovascular disease that is usually of a 
systemic nature. 



VI. Implications for Clinical Usefulness of TP Antagonists 



Antiplatelet treatment is a proven therapeutic modality in patients with 
arteriosclerotic cardiovascular disease. The benefits include the prevention of 
recurrent thromboembolic stroke and myocardial infarction (Maree & 
Fitzgerald, 2004). The mechanism underlying this therapeutic effect is largely 
attributed to preventing the formation of platelet thromboemboli. Our ani- 
mal and cellular studies have revealed that treatment of vascular disease with 
a TP antagonist has actions far beyond its antithrombotic effect at the level of 
platelets, and can be attributed to direct effects on endothelial and vascular 
smooth muscle cells. These include effects on vascular adhesion molecules, 
eNOS expression and function, oxidant production, and accumulation of 
extracellular matrix and advanced glycation end products. In addition, these 
tissular effects appear to extend beyond the vasculature, particularly in 
diabetes in which hyperlipidemia and hyperglycemia induce tissue damage 
such as that observed in the kidney of diabetic hyperlipidemic mice. The 
importance of the TP receptors in vascular and other tissular pathologies, 
particularly in diabetes, may be due to the fact that not only thromboxane A 2 
but also other eicosanoids (including HETEs and isoprostanes) are produced 
in diseased tissues to the extent that they activate TP receptors. Aspirin 
has no effect on the production of isoprostanes which are formed none- 
nzymatically from arachidonic acid, and aspirin can actually increase 
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HETE production by COX (Meade et al., 1993). Thus, the broad ability to 
block the actions of many eicosanoids that activate TP receptors may account 
for the added benefit of TP blockade. Of course, in addition, blocking platelet 
TP receptors inhibits platelet aggregation. Therefore, it is reasonable to 
anticipate that treatment of patients with a TP receptor antagonist will result 
in therapeutic benefits additional to those of aspirin. Furthermore, the 
addition of TP antagonism to COX-2 inhibitory activity may improve the 
cardiovascular risk profile of COX-2 inhibitors (Rovati et al., 2010). 
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ACEI 

COX 

DOCA-salt rats 

EDCF 

EDHF 

H 2 2 

HETE 

HMG CoA 

L-NAME 

LPS 

NO 

NOS 

o 2 '- 

OONO~ 

PG 

PGH 2 

PGI 2 

SHR 

VCAM-1 

WKY rats 



angiotensin converting enzyme inhibitor 

cyclooxygenase 

deoxycorticosterone acetate-salt hypertensive rats 

endothelium-derived contracting factor 

endothelium-derived hyperpolarizing factor 

hydrogen peroxide 

hydroperoxyeicosatetraenoic acid 

3-hydroxy-3-methylglutaryl-coenzyme A 

L-arginine-methylester 

lipopolysaccharides 

nitric oxide 

nitric oxide synthase 

superoxide anion 

peroxynitrite 

prostaglandin 

prostaglandin H 2 /endoperoxide 

prostacyclin 

spontaneously hypertensive rats 

vascular cell adhesion molecule 1 

Wistar-Kyoto rats 
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Abstract 



Tetrahydrobiopterin (BH 4 ) is a critical cofactor for the nitric oxide 
synthases. In the absence of BH 4 , these enzymes become uncoupled, fail to 
produce nitric oxide, and begin to produce superoxide and other reactive 
oxygen species (ROS). BH 4 levels are modulated by a complex biosynthetic 
pathway, salvage enzymes, and by oxidative degradation. The enzyme GTP 
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cyclohydrolase-1 catalyzes the first step in the de novo synthesis of BH 4 and new 
evidence shows that this enzyme is regulated by phosphorylation, which reduces 
its interaction with its feedback regulatory protein (GFRP). In the setting of a 
variety of common diseases, such as atherosclerosis, hypertension, and diabetes, 
reactive oxygen species promote oxidation of BH 4 and inhibit expression of the 
salvage enzyme dihydrofolate reductase (DHFR), promoting accumulation of 
BH 2 and NOS uncoupling. There is substantial interest in therapeutic 
approaches to increasing tissue levels of BH 4 , largely by oral administration of 
this agent. BH 4 treatment has proved effective in decreasing atherosclerosis, 
reducing blood pressure, and preventing complications of diabetes in experi- 
mental animals. While these basic studies have been very promising, there are 
only a few studies showing any effect of BH 4 therapy in humans in treatment of 
these common problems. Whether BH 4 or related agents will be useful in 
treatment of human diseases needs additional study. 



I. Introduction 



One of the major developments in biology in the past 30 years has been the 
discovery of NO as a signaling molecule (Moncada et al., 1991). Nitric oxide is 
produced enzymatically in mammalian cells by a family of enzymes known as the 
nitric oxide synthases (NOSs), which include the neuronal isoform or NOS1, the 
inducible NOS also referred to as NOS2, and the endothelial enzyme or NOS3. 
NO produced by these enzymes serves myriad signaling properties in multiple 
organs and cells. The production of NO is generally beneficial, particularly when 
produced by the endothelial and neuronal isoforms. NO produced by these 
enzymes promotes vasodilatation, inhibits inflammation, stimulates long-term 
potentiation of neuronal transmission, and inhibits platelet aggregation (Khan 
et al., 1996; Kubes et al., 1991; Moncada et al., 1988). NO can also be damaging 
when produced in high concentrations, for example, upon induction of NOS2, 
which generates large amounts of NO constantly in inflammatory states. This 
toxicity is in part due to reactions of higher oxides of NO reacting with various 
cellular targets, including DNA, lipids, membranes, and various proteins 
(Burney et al., 1999; Zhang et al., 2003). While overt inflammation is associated 
with increased NO production (Fortin et al., 2010), more commonly, 
NO bioavailability is reduced in conditions such as vascular, muscular, and 
neuronal diseases and this contributes to pathophysiology in these conditions 
(Harrison & Cai, 2003; Thomas et al, 1998). 

Given the profound effects of NO on target tissues, there has been interest in 
modulating either its delivery or synthesis pharmacologically. Various drugs 
that release NO, such as the organic nitrates, misoldamine, and sodium nitro- 
prusside, have been employed for decades for treatment of cardiovascular 
diseases, even before endogenous production of NO was discovered (Miller & 
Megson, 2007). Organic nitrates are commonly used to treat coronary artery 
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disease. When combined with hydralazine, isosorbide dinitrate improves out- 
come in subgroups of patients with congestive heart failure (Taylor et al., 2004), 
but otherwise the organic nitrates have not provided survival benefit and use of 
these agents is often limited by the development of tolerance (Kosmicki, 2009). 
Because of this limited success with administering NO donors and 
nitrates over the long term, there has been interest in improving endogenous 
production of NO. One approach has been to supplement cofactors for the 
NO synthase enzyme. Among these, administration of the cofactor tetrahy- 
drobiopterin (BH 4 ) seems to be an attractive option. Various diseases alter 
cellular levels of BH 4 , and BH 4 administration or efforts to prevent its 
degradation seem to be effective in several diseases. In this review, we will- 
discuss the chemistry of the pterins and the pathways involved in mammalian 
BH 4 synthesis and review a growing body of literature suggesting that BH 4 
might prove to be an effective therapy for a variety of diseases. 



II. Chemistry and Synthesis of Pterins 



A. Structural Properties 

Biopterin and its related molecules belong to a class of compounds that 
include pterins, folates, riboflavin, lumazines, and alloxazines. These all contain 
two or three heterocyclic six-membered rings and are ubiquitous in plants and 
animals. Pterins possess one pyrazine and one pyrimadine ring (Fig. 1 ), and were 
named so because they were first identified as a pigment in butterfly wings 
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FIGURE I Structure of tetrahydrobiopterin and related compounds. Shown are representa- 
tive examples of pyrimidine and pyrazine rings, tetrahydrofolic acid, 5,6,7,8-tetrahydrobiopterin, 
and 7,8-dihydrobiopterin. 
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(Gates, 1 947). The major pterins in vertebrates are BH 4 , which has hydrogens at 
the 5, 6, 7, and 8 positions, and its oxidized form, 7,8-dihydrobiopterin (BH 2 ) 
(Fig. 1). BH 4 is important in mammalian biology because it serves as a critical 
cofactor for the aromatic amino acid hydroxylases and the NOSs (Bigham et al., 
1987). The three amino acid hydroxylases include phenylalanine hydroxylase, 
tyrosine hydroxylase, and tryptophan hydroxylase, ultimately leading to 
formation of tyrosine, dopamine, and serotonin. In the case of these enzymes, 
BH 4 is converted to the quinoid form of BH 2 (qBH 2 ) and must be converted 
back to BH 4 via a salvage pathway (discussed below). Genetic deficiencies of 
BH 4 are uncommon, but cause a form of phenylketonuria due to reduced 
conversion of phenylalanine to tyrosine (Tada et al, 1970). 



B. Biosynthesis and Salvage Pathways for BH 4 
f. De novo Synthesis Pathway 

BH 4 is synthesized by the sequential actions of three enzymes, GTP 
cyclohydrolase-1 (GTPCH-1), 6-pyruvoyl-tetrahydropterin synthase 
(PTPS), and sepiapterin reductase (SR) (Fig. 2). This process has been 
reviewed in depth by Thony et al. (2000), and will only be briefly summarized 
here. The first step in this process, which requires the zinc-containing enzyme 
GTPCH-1, is generally rate limiting. This step involves initial opening of the 
imidazole and furanose rings, release of formate, an Amadori rearrangement, 
and ultimate formation of the pyrazine ring. The final product of the 
GTPCH-1-mediated reaction is the intermediate 7,8-dihydroneopterin 
triphosphate (7,8-DNTP) (Fig. 2). Monitoring neopterin production after 
dephosphorylation of 7,8-DNTP is often used to quantify GTPCH-1 activity. 
It is of interest that GTP cyclohydrolase-II, which is involved in production of 
riboflavin in prokaryotic organisms, involves a ring-opening step of GTP in a 
manner similar to GTPCH-1 (Ren et al., 2005). 

The second reaction in the de novo pathway is conversion of 7,8-DNTP 
to 6-pyruvoyl-tetrahydropterin by the enzyme PTPS. This involves reduction 
of a double bond at the N5 position of the pyrazine ring, removal of the 
phosphate groups, and modification of the side chain (Fig. 3). The final 
step, catalyzed by SR, entails conversion of the keto-groups at the 1' and 
2' positions on the side chain to hydroxyl groups yielding BH 4 . 

A variety of pathophysiological stimuli modulate levels of GTPCH-1 
mRNA and protein in mammalian cells. Cytokines, such as IL-1J3, IFN-y, 
TNFa, and inflammatory mediators, such as lipopolysaccharide (LPS), mark- 
edly increase GTPCH-1 mRNA and protein levels in endothelial cells, vascular 
smooth muscle cells, fibroblasts, and macrophages (Katusic et al., 1998; Werner 
et al., 1998). Because of the potent stimulation of GTPCH-1 by inflammatory 
cytokines, accumulation of plasma neopterin is often employed as a measure of 
systemic inflammation (Dominguez-Rodriguez et al., 2009). 
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Sun et al. (2009) have reported that 17-0 estradiol stimulates GTPCH-1 
mRNA transcription in pulmonary artery endothelial cells and that this 
response is dependent on protein kinase A and activation of the 
cAMP response element binding (CREB) protein. As might be expected, 
forskolin, which increases cellular cAMP, also increased GTPCH-1 
expression in this study. 

HMG-CoA reductase inhibitors, known as statins, enhance GTPCH-1 
expression in cultured endothelial cells and in the aorta of streptozotocin- 
induced diabetic mice (Hattori et al., 2003; Wenzel et al., 2008). 
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Thus, induction of GTPCH-1 activity and increased BH 4 levels might reflect 
one of the pleiotropic effects of statin medications, beyond the benefit 
achieved by lipid lowering. Insulin also increases both mRNA and protein 
levels of GTPCH-1, and enhances endothelial BH4 synthesis (Ishii et al., 
2001). These effects of insulin are blocked by the phosphatidylinositol 3- 
kinase (PI3-kinase) pathway inhibitors Wortmannin and LY294002, sug- 
gesting a role of PI-3 kinase in this process. The precise mechanism by which 
PI-3 kinase affects GTPCH-1 transcription remains unclear. 

2. Salvage Pathways 

In addition to the de novo pathway discussed above, salvage pathways 
are important for maintaining cellular levels of BH 4 (Fig. 3). The ultimate 
product of the amino acid hydroxylases is the quinoid form of dihydrobip- 
terin (q-BH 2 ), which has a double bond between the 4 and 5 positions in the 
pyrazine ring. This is reconverted to BH4 by the enzyme dihydropteridine 
reductase (DHPR), using NADH as a substrate for reducing equivalents. 
In contrast, the nonenzymatic oxidation product of BH 4 , 7,8-dihydrobipterin 
(which contains double bonds between the 6 and 7 positions) is reconverted 
to BH 4 by dihydrofolate reductase (DHFR) (Fig. 3). In endothelial 
cells, DHFR seems essential for maintenance of BH4 levels. Chalupsky and 
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Cai (2005) showed that siRNA downregulation of DHFR reduces endothelial 
cell BH 4 levels and NO production (see discussion below). The authors have 
also shown that endogenously produced hydrogen peroxide inhibits DHFR 
protein expression in the endothelium. This could have pathophysiological 
relevance, as discussed in below, for diseases such as hypertension and 
diabetes. Similarly, Sugiyama et al. (2009) have shown that inhibition of 
DHFR expression by siRNA lowers the levels of BH4 in bovine aortic 
endothelial cells in culture. Crabtree et al. (2009) have also demonstrated 
the importance of DHFR in a modulating BH 4 levels in transfected murine 
fibroblasts and mouse endothelial cells. 



C. Redox Reactions of BH 4 and Related Pterins 

BH 4 and its related compounds participate in redox reactions via elec- 
tron donation and acceptance in the pyrazine ring. For example, BH 4 donates 
an electron during NOS catalysis (see below), or upon reaction with a variety 
of oxidants, such as sulfenyl radicals (RS '), the carbonate radical (CO3 ), 
nitrogen dioxide (N0 2 '~), and the hydroxyl radical (OH) (Patel et al., 2002). 
Oxidation of BH 4 has been recently reviewed in depth (Vasquez-Vivar, 
2009), and will not be repeated extensively here. Briefly, however, BH 4 can 
undergo autooxidation involving initially electron loss, formation of the BH 4 
radical, and addition of molecular oxygen to form a peroxy-species. This in 
turn can react with another molecule of BH 4 leading to an ongoing oxidation 
of successive molecules of BH 4 in a manner analogous to lipid chain peroxi- 
dation (Vasquez-Vivar, 2009). Data from our own laboratory have sug- 
gested that peroxynitrite is a particularly important oxidant for BH 4 in 
pathophysiological conditions (Laursen et al., 2001). Using electron spin 
resonance, we found that this reaction leads to formation of the BH 3 radical 
(Kuzkaya et al., 2003). In the presence of ascorbate, the BH 3 radical is 
readily converted back to BH 4 , while in its absence, BH 3 degrades rapidly 
to BH 2 (Fig. 4). These findings might explain the ability of ascorbate to 
increase cellular BH 4 and to improve NOS catalysis in some studies (Heller 
et al, 2001; Huang et al., 2000; Kuzkaya et al., 2003; Nakai et al., 2003). 
Interestingly, peroxynitrite reacts with BH 4 more rapidly than with other 
cellular antioxidants, including cysteine, glutathione, or ascorbate (Kuzkaya 
et al., 2003). Thus, exposure of cells to peroxynitrite or similar oxidants 
predisposes to BH 4 oxidation. 

The above-mentioned capacity of BH 4 to undergo autooxidation helps 
explain its instability in solution. Likewise, the chemical interplay 
with ascorbate outlined above underscores the ability of small amounts of 
ascorbate to stabilize solutions of BH 4 . These properties should be kept 
in mind when BH 4 is used therapeutically or employed in biological 
solutions. 
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III. The Role of BH 4 in NOS Function — Concept of 
NOS Uncoupling 



The production of NO by the NOS enzymes is initiated when electrons 
from the reductase domains reduce a ferric heme in the oxygenase domain to 
the ferrous state, allowing binding of oxygen and ultimately formation of a 
ferric heme-superoxy-(FeIII-0 2 ") intermediate. BH 4 , which is also bound in 
the oxygenase domain, plays a critical role by reacting with this intermediate 
leading to formation of a heme-oxy species that reacts with L-arginine and 
N-hydroxy-L-arginine, ultimately leading to production of NO and cirtulline 
(Wei et al., 2003, 2008). When BH 4 is absent, or oxidized, or in insufficient 
levels, reduction of the heme-superoxy intermediate does not occur and it 
dissociates to release superoxide and perhaps other reactive oxygen species. 
This phenomenon is commonly referred to as NOS uncoupling. There is 
also evidence that the NOS enzymes are stabilized in their functional dimeric 
form by BH 4 (Stuehr, 1997; Toth et al, 1997). Thus, BH 4 allosterically 
controls both function and structure of the NOS enzymes in a critical fashion. 
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Importantly, NOS uncoupling is often not complete, such that both NO and 
superoxide is produced, predisposing to formation of peroxynitrite (Berka 
et al., 2004). There is also evidence that L-arginine modulates hydrogen 
peroxide and superoxide production by some NOS isoforms (Tsai et al., 
2005). Thus, the NOS enzymes can function as NO synthases, superoxide 
synthases, peroxynitrite synthases, or in some cases hydrogen peroxide 
synthases. 

These diverse potentials of NOS enzymes have emphasized that BH 4 
plays an important role in modulating endothelial function, vascular biology, 
and vascular disease. As discussed in part above, it has now been recognized 
that vascular and endothelial levels of BH 4 are affected by numerous factors, 
including changes in synthesis, changes in regeneration, and oxidative degra- 
dation. Moreover, studies in both experimental animals and humans have 
shown that NOS uncoupling occurs in a variety of common diseases, and can 
contribute to pathophysiology of these conditions. 



IV. NOS Uncoupling in Diseases 



In 1996, Higman and coworkers demonstrated that saphenous veins 
from smokers produced less NO when stimulated by the calcium ionophore 
A23187 than did veins from nonsmokers. This difference was not changed 
by incubation with L-arginine, but was minimized by pretreatment with BH 4 
(Higman et al., 1996). In the following year, Stroes and coworkers showed 
that infusion of BH 4 could restore endothelial function in the forearms of 
humans with hypercholesterolemia (Stroes et al., 1997). These studies have 
prompted studies of the role of NOS uncoupling in a variety of common 
diseases that are discussed in detail below. A recurring pattern is that in many 
pathological conditions, there appears to be oxidation of BH 4 and accumu- 
lation of BH 2 . This is important because in the presence of adequate amounts 
of BH 4 , the addition of BH 2 can lead to superoxide production by the 
endothelial NOS, in a manner similar to a competitive antagonist (Vasquez- 
Vivar et al., 2002b). Thus, BH 4 does not need to be depleted to uncouple the 
NOS enzymes if its oxidized forms accumulate in sufficient concentrations. 
This concept, together with other experimental evidence presented below, has 
led to a paradigm, illustrated in Fig. 5. According to this scheme, reactive 
oxygen species from other sources ("kindling radicals") can lead to BH 4 
oxidation, promoting NOS uncoupling and production of increasing 
amounts of superoxide and other radicals ("bonfire radicals") in a feed 
forward fashion. As mentioned above, there is evidence that hydrogen perox- 
ide can inhibit expression of the BH 4 salvage enzyme DHFR (Chalupsky & 
Cai, 2005), leading to cellular accumulation of BH 2 and consequent NOS 
uncoupling (Fig. 5). 
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sion of the salvage enzyme dihydrofolate reductase (DHFR), which leads to accumulation of BH 2 
and uncoupling of NOS. 
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A. Atherosclerosis and Hypercholesterolemia 

For 25 years, it has been recognized that endothelial modulation of 
vascular tone is abnormal in atherosclerosis (Freiman et al., 1986; Ludmer 
et al., 1986). The mechanisms responsible for this abnormality have been 
studied in depth, and are likely multifactorial. Abnormalities that have been 
proposed included altered membrane signaling (Bossaller et al., 1987; 
Huraux et al., 1999), abnormalities of L-arginine availability (Boger et al., 
1998; Creager et al., 1992), and oxidative inactivation of nitric oxide (Ohara 
et al., 1993). The latter hypothesis has been supported by the fact that 
the reaction of NO and radicals such as superoxide is extremely rapid 
(Beckman & Koppenol, 1996), by the observation that atherosclerosis and 
hypercholesterolemia increase vascular superoxide production (Ohara et al., 
1993), and by studies in which scavenging of reactive oxygen species 
improves endothelium-dependent vasodilatation (Mugge et al., 1991). 
Stroes et al., 1997 provided the first hint that there might be a problem 
with BH 4 in hypercholesterolemia. These investigators showed that infusion 
of BH 4 in the forearm normalized serotonin-induced vasodilatation in 
hypercholesterolemic subjects while having no effect on normal subjects. 
The vasoconstrictor response to infusion of the NO synthase inhibitor 
L-NMMA was enhanced by BH 4 , suggesting that it increased basal produc- 
tion of NO. Infusion of L-arginine did not add to the effect of BH 4 , suggesting 
that L-arginine was not deficient in these subjects with hypercholesterolemia. 
Subsequently, Tiefenbacher et al. (2000) examined the effect of the BH 4 
precursor sepiapterin in isolated coronary arterioles from atherosclerotic 
pigs and humans. The authors showed that sepiapterin improved endothelium- 
dependent vasodilatation to substance P and histamine, and reduced 
vasoconstrictions to serotonin (which is modulated by endothelium-derived 
NO) in coronary arterioles from pigs with diet-induced atherosclerosis. 
Constrictions to serotonin, which are normally blunted by NO, were reduced 
by sepiapterin treatment. In contrast, this agent had no effect in coronary 
arterioles from pigs fed a normal diet. Similar findings were obtained in 
coronary arterioles obtained from the right atrial appendage of humans 
with and without atherosclerosis undergoing cardiac surgery. Others have 
shown that treatment with BH 4 improves endothelium-dependent relaxa- 
tions to acetylcholine in vessels from ApoE mice and LDL-receptor-defi- 
cient mice (Jiang et al., 2000). In another study, increasing BH 4 via genetic 
means in ApoE~'~ mice improved endothelium-dependent vasodilatation, 
reduced vascular superoxide production, and increased acetylcholine-stimu- 
lated vascular cGMP levels (Alp et al., 2004). 

Studies such as these suggested that BH 4 might be deficient in the settings 
of atherosclerosis and hypercholesterolemia. Evidence to support this 
came from a study by Vasquez-Vivar et al. (2002a, 2002b), in which the 
authors found markedly diminished levels of BH 4 in aortas of rabbits with 
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diet-induced hypercholesterolemia. The authors did not determine if this was 
due to reduced production of BH 4 , or due to its oxidation. Studies from our 
own laboratory provided evidence that oxidation of BH 4 might indeed be 
responsible for a loss of BH 4 in atherosclerotic vessels (Laursen et al., 2001). 
We found that peroxynitrite rapidly oxidizes BH 4 in vitro, that addition of 
peroxynitrite to normal vascular segments causes NOS uncoupling and that 
atherosclerotic vessels produce excessive amounts of peroxynitrite. 
We further showed that scavenging of peroxynitrite improves endothelium- 
dependent vasodilatation of atherosclerotic vessels, in keeping with preven- 
tion of BH 4 oxidation. In accordance with this concept, Antoniades et al. 
showed that 5-methyltetrahydrofolate, which serves as an effective scavenger 
of peroxynitrite, reduces BH 4 oxidation in saphenous veins of atherosclerotic 
humans and improved endothelium-dependent vasodilatation. The authors 
provided evidence that this agent also recouples eNOS as evidenced by 
studies of vascular superoxide production in the presence and absence of 
NOS inhibitors. 

Given the inhibitory role of NO on atherosclerotic lesion formation, and 
the propensity for superoxide and related radicals to enhance lipid oxidation 
and atherosclerosis, one might expect that measures to prevent NOS uncou- 
pling would reduce atherosclerosis. Indeed, there is substantial evidence to 
support this concept. In the study by Alp et al. (2004), genetic enhancement 
of BH 4 in the endothelium reduced atherosclerosis in the aortic root. Hattori 
et al. (2007) showed that administration of BH 4 in the drinking water 
increases aortic levels of biopterin and reduces atherosclerotic lesion forma- 
tion by half in ApoE~'~ mice. A very recent study showed that oral BH 4 
treatment in ApoE mice not only reduces atherosclerotic lesion formation, 
but also decreases the content of inflammatory cells in these vessels, without 
altering plasma lipids (Schmidt et al., 2010). The mechanisms by which BH 4 
could alter the inflammatory response in atherosclerosis remain undefined 
but could reflect modulation of T cell function or antigen formation in 
atherosclerosis. 

B. Hypertension 

In addition to atherosclerosis, there has been ample evidence that vascu- 
lar BH 4 levels are altered in hypertension. Cosentino et al. (1998) studied 
vessels from spontaneously hypertensive rats (SHR) at 4 weeks of age, before 
the development of hypertension. The authors showed that these vessels 
produce less NO and more superoxide than vessels from control rats and 
that these differences were reduced by treatment with either superoxide 
dismutase or BH 4 . In keeping with NOS uncoupling, the authors found 
that the increase in superoxide is prevented by NOS inhibition with 
L-NMMA. Subsequently, Kerr et al. (1999) showed that vessels from 
stroke-prone SHR produce excessive superoxide which is inhibitable by 
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endothelial removal or the NOS antagonist L-nitroarginine methyl ester (l- 
NAME). The authors concluded that eNOS uncoupling occurs in this model 
of severe hypertension. Hong et al. (2001) showed that plasma levels of BH 4 
are reduced in SHR, and that treatment with BH 4 improves endothelium- 
dependent vasodilatation to acetylcholine, reduces vascular superoxide pro- 
duction, and lowers blood pressure in these animals. Higashi and colleagues 
extended this research to humans, showing that BH 4 markedly enhances 
forearm blood flow responses to acetylcholine in hypertensive subjects. 
Interestingly, they also showed enhancement of endothelium-dependent 
responses in nonhypertensive controls, suggesting that normal subjects 
might also be relatively BH 4 -deficient (Higashi et al., 2002). In an effort to 
further understand why BH 4 is reduced in hypertension, we measured levels 
of BH 4 and its oxidized forms in control mice and mice with DOCA-salt 
hypertension (Landmesser et al., 2003). We found that while total levels of 
biopterin are not altered in hypertensive animals, the level of oxidized biop- 
terin is increased while the level of reduced BH 4 is similarly diminished 
(Fig. 6). These data are compatible with BH 4 oxidation in the setting of 
hypertension. We provided evidence that this is likely due to peroxynitrite 
produced by the NADPH oxidase and the endothelial NOS, because BH 4 
oxidation was less obvious in hypertensive mice lacking the p47 phox subunit 
of the NADPH oxidase or in mice lacking eNOS. This finding is in keeping 
with previous observations that peroxynitrite is capable of potently oxidizing 
BH 4 (Laursen et al., 2001). As in the case of studies by Hongetal. (2001), we 
found that BH 4 treatment reduces blood pressure in mice with DOCA-salt 
hypertension. Consistent with this finding, Kase et al. (2005) showed that 
BH 4 lowers blood pressure in mice during chronic angiotensin II infusion. 

Chalupsky and Cai (2005) have uncovered a potentially important 
mechanism for uncoupling of NOS in hypertension. The authors showed 
that angiotensin II causes downregulation of the salvage enzyme DHFR and 
reduces endothelial BH 4 levels in cultured endothelial cells. This is blocked by 
scavenging of hydrogen peroxide with a catalase analog. The authors 
proposed a pathway in which hydrogen peroxide, produced by the 
NADPH oxidase in response to angiotensin II, inhibits expression of 
DHFR, leading to loss of BH 4 and accumulation of BH 2 leading to NOS 
uncoupling as illustrated in Fig. 5. 

More recently, we found that oral treatment with BH 4 lowers blood 
pressure in humans with hypertension. We found that oral BH 4 also dramat- 
ically improves endothelial function, as monitored by flow-mediated vasodi- 
latation (Porkert et al., 2008). The effect of BH 4 in this study was very 
promising, however studies involving larger numbers of patients are needed 
to determine if this will be a useful therapy for human hypertension. 

The above studies have focused on how BH 4 regulates endothelial func- 
tion in hypertension. There is also evidence that BH 4 affects NO production 
in the kidney and that this is altered in hypertension. Taylor et al. (2006) 
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found that there is oxidation of BH 4 in the outer renal medulla of hyperten- 
sive Dahl salt-sensitive rats. Sodium reabsorption in this portion of the 
kidney is largely mediated by the Na/K/Cl cotransporter, which in turn is 
modulated by local production of NO and superoxide. Superoxide stimulates 
the Na/K/Cl cotransporter and enhances sodium reabsorption in the medul- 
lary thick ascending limb. Thus, uncoupling of NOS in these cells caused by 
reduced BH 4 could contribute to hypertension. 

Despite the availability of numerous drugs to treat hypertension, many 
patients require multiple agents to reduce their blood pressure and treatment 
is often only partly successful. Efforts to increase BH 4 in the vessel or perhaps 
the kidney might therefore provide an alternative therapeutic option that 
could also correct underlying pathophysiology in this disease. 

C. Insulin Resistance and Diabetes 

Endothelial dysfunction is common in both type 1 and type 2 diabetes. 
While multiple mechanisms likely contribute to this abnormality, substantial 
evidence indicates that this is in part due to NOS uncoupling and perturba- 
tions of BH 4 metabolism. Interestingly, one of the earliest studies focused on 
brain BH 4 levels in rats with streptozocin-induced diabetes. The authors 
found oral treatment with streptozocin caused a striking increase in BH 2 
and a concomitant increase in BH 4 whole brain homogenates from these rats, 
but did not affect the liver content of the pterins (Hamon et al., 1989). The 
authors also found a marked reduction in the BH 2 salvage enzyme dihydrop- 
terin reductase. Such a perturbation of BH 4 could affect neuronal production 
of NO, which has important roles in long-term potentiation and memory 
development in the brains of diabetic animals and humans. Also, given the 
importance of BH 4 in production of neurotransmitters such as serotonin, 
dopamine, and norepinephrine, this might have major effects on central 
nervous system function. In 1997, Pieper demonstrated that an analog of 
BH 4 improved endothelium-dependent vasodilatation to acetylcholine in 
rings of vessels from diabetic rats (Pieper, 1997). This intervention also 
enhanced peak relaxations to nitroglycerin, possibly by reducing vascular 
levels of superoxide. In a very interesting subsequent study, Shinozaki et al. 
(1999) produced insulin resistance in rats by fructose feeding. Fructose 
feeding produced a modest increase in weight, and while baseline glucose 
levels were not altered, plasma insulin levels were doubled. Fructose feeding 
also elevated systolic pressure to 140 mmHg. Thus, these animals had many 
parameters of the metabolic syndrome, with modest obesity, hypertension, 
and insulin resistance. The vascular production of superoxide was markedly 
increased in these animals, and this was eliminated by endothelial removal or 
by treatment of rings with L-NAME, SOD, or BH 4 . Levels of BH 2 were 
increased in these vessels, and this was ameliorated by insulin treatment. 
The authors also found that fructose feeding reduced activity of GTPCH-1, 
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the rate-limiting enzyme in BH 4 de novo synthesis. In a subsequent 
study, Meininger et al. (2000) isolated endothelial cells from diabetic 
BioBreeding (BB) rats, which have insulin-dependent diabetes. These cells 
showed a reduction in GTPCH-1 protein by Western blot, diminished BH 4 
levels, and markedly reduced NO production, as detected by monitoring 
nitrate and nitrite release. The reduced BH 4 and NO levels were 
partly restored by addition of sepiapterin, a precursor to BH 4 . This study 
demonstrated that endothelial BH 4 levels also decline in a genetic model 
of diabetes. 

Hink et al. (2001) provided evidence that protein kinase C (PKC) signal- 
ing might be responsible for NOS uncoupling in diabetes. The authors 
showed that various PKC inhibitors reduced parameters of NOS uncoupling 
in streptozocin-induced diabetes. NADPH oxidase activity was also marked- 
ly increased in diabetic vessels. This study again links activation of the 
NADPH oxidase to NOS uncoupling and perturbations similar to that 
observed in hypertension by Landmesser et al. (2003). 

Using mice similar to those employed in their study of hypercholesterol- 
emia (Alp et al., 2004), Alp et al. (2003) showed that targeted overexpression 
of GTPCH-1 in the endothelium reduces vascular superoxide production 
caused by streptozocin-induced diabetes. The authors also showed that this 
genetic manipulation prevents the development of abnormal endothelium- 
dependent vasodilatation maintains intracellular glutathione levels in these 
animals. Okumura et al. (2006) provided evidence that the proteinuria 
caused by diabetes could in part be due to BH 4 deficiency. Oak and Cai 
(2007) showed that angiotensin II signaling played a role in diabetes-induced 
NOS uncoupling (Oak & Cai, 2007). The authors demonstrated that strep- 
tozocin-induced diabetes caused a decline in vascular levels of the salvage 
protein DHFR in mice, and that this was prevented by treatment with the 
angiotensin I-converting enzyme captopril or the angiotensin II receptor 
antagonist candesartan. These agents also increased blood biopterin content, 
reduced vascular superoxide content, increased NO production, and 
improved endothelium-dependent vasodilatation. Similar to the prior report 
from this laboratory mentioned above (Chalupsky & Cai, 2005), and in 
keeping with findings by Hink et al. (2001), the authors showed that 
this effect on DHFR was likely due to increased NADPH oxidase activity 
in diabetes. 

While the above findings have largely been made in experimental ani- 
mals and cultured cells, Heitzer et al. (2000b) provided evidence that BH 4 
deficiency likely contributes to endothelial dysfunction in diabetic humans. 
The authors showed that acetylcholine-mediated vasodilatation was blunted 
in subjects with type-II diabetes and was improved by BH 4 administration. In 
contrast, BH 4 treatment had no effect on normal subjects. BH 4 had no effect 
on the vasodilatation evoked by nitroprusside infusion. 
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Beyond vasomotor regulation, there is also evidence that some of the 
tragic consequences of diabetes might be due to BH 4 deficiency. One such 
problem is defective wound healing. Recently, Tie et al. (2009) provided 
evidence that streptocotocin-induced diabetes caused NOS uncoupling in 
the skin, and that this impaired closure of experimentally induced wounds. 
The authors showed that BH 4 levels were reduced in the skin of these animals, 
and that both BH 4 levels and wound closure were normalized by genetic 
overexpression of GTPCH-1. Another terrible complication of diabetes is 
delayed gastric emptying, which leads to excessive vomiting and an inability 
to digest food. Gastric emptying is mediated by release of NO from myenteric 
plexus neurons. Very recently, Gangula et al. (2010) demonstrated that BH 4 
plays an important role in gastric relaxations. The authors showed that 
inhibition of the enzyme GTPCH-1 reduced relaxation of the pylorus caused 
by nerve stimulation. They further showed that BH 4 levels and NOS activity 
are depressed in the pylorus of rats with streptocotocin-induced diabetes and 
that this was associated with impaired gastric emptying. Treatment of the 
animals with BH 4 for either 3 or 9 weeks normalized gastric emptying in 
diabetic animals. These findings suggest that BH 4 treatment might prove 
beneficial in this otherwise very-difficult-to-treat problem in diabetes. 

D. Miscellaneous Conditions 

Atherosclerosis, hypertension, and diabetes are not the only conditions in 
which BH 4 deficiency has been implicated. Others include cigarette smoking 
(Heitzer et al., 2000a), pulmonary hypertension (Nandi et al., 2005), aging, 
cardiac fibrosis, and hypertrophy in aortic stenosis (Moens et al., 2008). 
Recently, we found that diastolic dysfunction, a common problem associated 
with hypertension, is associated with altered BH 2 /BH 4 ratios in the heart and 
is improved by BH 4 treatment (Silberman et al., 2010). 



V. Structural Characteristics of GTPCH-1 
and Posttranslational Modulation 



A. GTPCH-1 Structure 

There is substantial interest in how the GTPCH-1 enzyme functions and 
it is modulated posttranslationally. Crystal-structure analysis has shown that 
GTPCH-1 exists as a homodecamer, composed of two homopentamers 
interfaced, simulating a bagel cut sagitally and then placed back together 
(Fig. 6A and B). The GTP-binding site is located on the outer surface of each 
subunit. Importantly, a regulatory protein known as the GTPCH-1 feedback 
regulatory protein (GFRP) modulates GTPCH-1 activity in a posttranscrip- 
tional fashion. GFRP exists as a homopentamer, and two of these interface 
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FIGURE 6 Schematic representation of the GTPCH-1 enzyme and its interaction with its 
regulatory protein. Panel A shows a "top down" view of the enzyme, illustrating the "bagel" 
configuration of the subunits grouped together. In panel B, a "side view" is shown showing the 
homodecamer conformation. Panel C shows association with the GTPCH-1 feed back regulatory 
protein (GFRP). 



with either side of the "bagel" structure of GTPCH-1 as illustrated in Fig. 6C. 
The activity of GTPCH-1 is regulated both negatively and positively by BH 4 
and phenylalanine, which are bound by pockets at the interface of these two 
proteins. Thus, binding of BH4 at this site inhibits, while binding of phenyl- 
alanine activates GTPCH-1 activity. This property of GTPCH-1 is thought to 
provide allosteric negative feedback inhibition, such that when BH 4 levels 
decrease, activity of the enzyme is increased and when BH 4 levels are suffi- 
cient, the enzyme is inhibited. As discussed below, we have found that 
phosphorylation of human GTPCH-1 at serine 81 affects its binding and 
inhibition by GFRP. This amino acid exists in a regulatory arm that extends 
from each subunit (not shown in the simplified image in Fig. 6). 



B. Regulation of Endothelial BH 4 by Mechanical Stimuli 

Mechanical forces have enormous impact on endothelial cell biology. 
Laminar shear, the tangential force of flow over the surface of endothelial 
cells, provides anti-atherogenic effects by promoting NO production, inhibit- 
ing expression of adhesion molecules, and preventing leukocyte adhesion to 
the endothelial cell surface (Chiu et al., 2009). In particular, regions of the 
circulation exposed to well-developed laminar shear are protected against 
development of atherosclerosis. In contrast, disturbed flow patterns, such as 
oscillatory shear, have untoward effects on endothelial cell function, by 
promoting production of reactive oxygen species, enhancing proinflamma- 
tory genes and reducing nitric oxide production. For this reason, portions of 
the circulation exposed to oscillatory shear, such as the carotid bulb, the 
proximal coronary arteries and the distal aorta, have a predilection for 



I 24 Harrison et al. 

atherosclerotic lesion development. The mechanisms underlying the varying 
responses to these mechanical forces remain a matter of intense investigation; 
however, it is thought that mechanical signals are transduced from cell 
surface proteins, including intracellular proteins such as VE-cadherin and 
PECAM to intracellular signaling kinases to induce both acute and chronic 
changes in endothelial function (Tzima et al., 2005). 

Recently, our laboratory provided new information regarding regulation 
of BH 4 biosynthesis in the human endothelium. The purpose of this work 
was to understand how various shear stresses affect BH 4 biosynthesis, but the 
research has also provided new insight into function of GTPCH-1 and its 
interaction with GFRP. Previously, we and others found that laminar shear 
stress markedly increases both activity and subsequently, expression of the 
endothelial NOS (Noris et al, 1995; Uematsu et al., 1995). Because the 
newly synthesized NOS enzyme could not function without additional 
BH 4 , we postulated that shear would also increase BH 4 biosynthesis. 
We, therefore, exposed human endothelial cells to either static conditions, 
laminar, or oscillatory shear stress using a cone-in-plate viscometer and 
examined the effect of these varying physical forces on BH 4 levels (Widder 
et al., 2007). As reported in other cells, we found, under static conditions, 
that GTPCH-1 activity is substantially lower than activity of the downstream 
enzymes PTPS or SR, in keeping with GTPCH-1 being rate limiting in this 
pathway (Widder et al., 2007). A striking finding was that laminar shear 
stress increased endothelial cell BH 4 levels by 30-fold (Fig. 7A). This was 
accompanied by a 30-fold increase in the activity of GTPCH-1, but no 
change in activities of PTPS or SR. Interestingly, oscillatory shear stress 
only modestly affected these parameters. In subsequent experiments, we 
found that shear did not increase GTPCH-1 protein levels, but promoted 
phosphorylation of the enzyme by the alpha prime isoform of casein kinase 
II, and that this markedly stimulated its activity. Using a panel of anti- 
phosphoprotein antibodies, we found that serine 81 on GTPCH-1 was 
phosphorylated in response to laminar, but not oscillatory shear stress. 
These studies identified a novel phosphorylation site on GTPCH-1 and 
provided evidence that it dramatically modulated function of this enzyme. 

In a subsequent study, we provided additional insight into how phos- 
phorylation of GTPCH-1 on serine 81 could have such a dramatic impact on 
its activity (Li et al., 2010). Using site-directed mutagenesis, we replaced 
serine 81 of human GTPCH-1 with an alanine (to inhibit phosphorylation, 
referred to as S81A) and an aspartate (to mimic phosphorylation, referred to 
as S81D). We found that the S81D mutant produced high amounts of BH 4 
when transfected into endothelial cells, even in the absence of shear stress. In 
contrast, the S81A mutant produced low amounts of BH 4 and did not 
respond to shear. In subsequent studies in vitro, we showed that S81D 
activity was higher than that of the wild-type GTPCH-1, but more impor- 
tantly, S81D was completely resistant to inhibition by GFRP. In these studies, 
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FIGURE 7 Effect of shear stress on human endothelial cell tetrahydrobiopterin levels and 
GTPCH-1 activity. Panel A shows HPLC traces with representative peaks for total pterins eluting 
at approximately 11 min following injection of endothelial cell samples (arrow). Panel B shows 
the proposed mechanism for phosphorylation and modulation of GTPCH-1 activity by shear 
stress. Laminar shear promotes dissociation of GTPCH-1 from the regulatory protein GFRP, 
which allows GTPCH-1 phosphorylation by casein kinase 2a' (CK2). The fully phosphorylated 
enzyme has diminished binding affinity to GFRP and is not inhibited by GFRP, leading to a fully 
functioning enzyme. 



we defined a new pathway in which shear causes dissociation of GTPCH-1 
from GFRP. This allows phosphorylation of GTPCH-1 at serine 81. Phos- 
phorylated GTPCH-1 is resistant to GFRP binding and inhibition. This 
interplay between GTPCH-1 phosphorylation, its binding and regulation 
by GFRP and its production of BH 4 is illustrated in Fig. 7B. In experiments 
in mice, we showed that GTPCH-1 phosphorylation in response to shear also 
occurs in vivo, and that this ultimately affects tissue BH 4 levels and NO 
production. 
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VI. Conclusion 



In this review, we have summarized a large number of studies showing 
that BH 4 biosynthesis, recovery, and oxidation can be altered in many 
diseases. There is a wealth of information from studies of experimental 
animals suggesting that BH 4 therapy can improve a variety of conditions 
including atherosclerosis, hypertension, diabetes, and others. Despite this, it 
is unclear if BH 4 therapy will be effective in treatment of human diseases. 
A major concern is that most of the recent experimental studies have involved 
early treatment or even concomitant administration of BH 4 with the onset of 
the imposed disease. Therapy in human diseases is often initiated many years 
after disease onset. It is unclear if interventions such as BH 4 therapy will be 
effective at these latter stages. It is also possible that BH 4 treatment could 
exacerbate inflammatory processes by promoting function of the inducible 
NOS. Despite these considerations, therapeutic efforts to enhance BH 4 levels 
are currently an attractive therapeutic option that needs further exploration. 
Given the impact that diseases like diabetes, atherosclerosis, and hyperten- 
sion have on human health, in-depth study of the potential benefits of BH 4 
therapy is warranted. 
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TNFa tumor necrosis factor alpha 
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cAMP cyclic adenosine monophosphate 
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PECAM platelet endothelial cell adhesion molecule 

DHPR dihydropteridine reductase 

siRNA small interfering RNA 
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DHFR dihydrofolate reductase 
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WKY Wistar Kyoto rats 
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Abstract 



The Mediterranean diet has been associated with greater longevity and 
quality of life in epidemiological studies. Indeed, because of the abundance of 
fruits and vegetables and a moderate consumption of wine, the Mediterra- 
nean diet provides high amounts of polyphenols thought to be essential 
bioactive compounds that might provide health benefits in terms of cardio- 
vascular diseases and mortality. Several polyphenol-rich sources, such as 
grape-derived products, cocoa, and tea, have been shown to decrease mean 
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blood pressure in patients with hypertension. The improvement of the endo- 
thelial function is likely to be one of the mechanisms by which polyphenols 
may confer cardiovascular protection. Indeed, polyphenols are able to induce 
nitric oxide (NO)-mediated endothelium-dependent relaxations in a large 
number of arteries including the coronary artery; they can also induce 
endothelium-derived hyperpolarizing factor (EDHF)-mediated relaxations 
in some of these arteries. Altogether, these mechanisms might contribute to 
explain the antihypertensive and cardio-protective effects of polyphenols 
in vivo. The aim of this review was to provide a nonexhaustive analysis of 
the effect of several polyphenol-rich sources and isolated compounds on the 
endothelium in in vitro, ex vivo, and in vivo models as well as in humans. 



I. Introduction: The Epidemiological Evidence 



The Mediterranean diet has been associated with greater longevity and 
quality of life in epidemiological studies. Recent meta-analyses found that the 
Mediterranean diet had a favorable effect on lipid profile, endothelium- 
dependent vasodilatation, insulin resistance, metabolic syndrome, antioxi- 
dant capacity, myocardial, and cardiovascular mortality (Mead et al., 2006; 
Serra-Majem et al., 2006). Indeed, greater adherence to a Mediterranean diet 
is associated with a significant reduction (9%) in mortality from cardiovas- 
cular diseases (CVDs) (Sofi et al., 2008). Interestingly, because of the abun- 
dance of fruits and vegetables as well as a moderate consumption of wine, the 
Mediterranean diet provides high amounts of polyphenols thought to be 
essential bioactive compounds that might provide health benefit. This phe- 
nomenon is well supported by numerous epidemiological studies suggesting a 
protective effect against CVDs of various rich sources of polyphenols such as 
vegetables and fruits (Dauchet et al, 2005, 2006; He et al., 2006, 2007; 
Law & Morris, 1998), chocolate and cocoa (Ding et al., 2006; Hooper et al, 
2008), red wine (Di Castelnuovo et al., 2002; Renaud and de Lorgeril, 1992; 
Rimm et al, 1999; St Leger et al., 1979), and green tea (Arab et al., 2009; 
Arts et al, 2001; Kuriyama, 2008; Peters et al, 2001). 

Impaired endothelial function, assessed by flow-mediated dilation 
(FMD), has been shown to be an independent predictor of cardiovascular 
outcome in subjects with cardiovascular risk factors or established CVDs 
(Yeboah et al., 2007). Therefore, to assess the protective effect of polyphe- 
nols on the cardiovascular system, the effect of dietary intake of polyphenols 
has often been evaluated on FMD as well as on blood pressure in humans. 
Chocolate and cocoa showed significant improvement of FMD, both acutely 
and chronically, and, in addition, chronic intake of chocolate and cocoa 
also had a beneficial effect on systolic and diastolic blood pressure (Balzer 
et al., 2008; Desch et al., 2010; Grassi et al, 2008; Hooper et al., 2008; 
Njike et al., 2009). Moreover, red wine restored normal endothelial function 
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in hypercholesterolemia patients with impaired FMD (Andrade et al., 2009; 
Coimbra et al., 2005). Other grape-derived sources of polyphenols 
also improved FMD under basal conditions and after a high-fat meal 
in healthy subjects and in hypercholesterolemic patients (Chaves et al., 
2009; Coimbra et al, 2005), and in adolescents with metabolic syndrome 
(Hashemi et al., 2010). 

Clinical studies investigating vascular protection by tea and its major 
components, catechins, also revealed a significant increase in FMD in healthy 
subjects (Jochmann et al, 2008) and in patients with coronary heart disease 
(Duffy et al., 2001; Widlansky et al., 2007). In addition, black tea, green tea, 
benifuuki tea, and (— )-epigallocatechin gallate (EGCG) decreased systolic 
and diastolic blood pressure in healthy subjects (Brown et al., 2009; Grassi 
et al., 2009; Kurita et al., 2010). 



II. Polyphenols Induce Endothelium-Dependent Responses 

In Vitro and Ex Vivo 

A. Grape-Derived Polyphenols and Endothelial Function 
/. Role of Nitric Oxide 

a. Polyphenols Induce Endothelium-Dependent Nitric Oxide-Mediated Relaxations 
in Arteries The possibility that grape-derived products affect vascular tone 
was first assessed by Fitzpatrick et al. (1993) in rat aortic rings suspended in 
organ chambers. Following precontraction of the rings, the addition of 
increasing volumes of several wines and grape juice induced pronounced 
relaxations but had little effect in rings in which the endothelium had been 
mechanically removed. The endothelium-dependent relaxation was asso- 
ciated with increased guanosine 3',5'-cyclic monophosphate (cyclic GMP) 
levels in the intact aorta and both the relaxation and the increase in cyclic 
GMP were prevented by competitive inhibitors of nitric oxide (NO) synthase 
such as N -monomethyl-L-arginine (L-NMMA) and N -nitro-L-arginine 
(l-NA) suggesting an increased formation of NO (Fitzpatrick et al., 1993). 
A red wine polyphenolic extract (RWP) from a Cabernet-Sauvignon grape 
variety also caused full relaxation of intact precontacted rat aortic rings, 
whereas a 1000-fold higher concentration was needed to relax those without 
endothelium (Andriambeloson et al., 1997). The endothelium-dependent but 
not the endothelium-independent relaxation was abolished by N G -nitro-L- 
arginine-methyl-ester (l-NAME; Andriambeloson et al., 1997). The direct 
evidence that the RWPs cause endothelial formation of NO was obtained 
using electron paramagnetic resonance spectroscopy with Fe 2+ -diethyl- 
dithiocarbamate as a NO spin trap (Andriambeloson et al., 1997). Indeed, 
RWPs increased NO level in aortic rings by about twofold and this response 
was strictly dependent on the presence of the endothelium and abolished by 
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L-NAME. Thereafter, the ability of grape-derived products to induce 
endothelium-dependent NO-mediated relaxations has been observed in 
several conductance arteries including the rat and rabbit aorta 
(Andriambeloson et al., 1997; Cishek et al, 1997; Fitzpatrick et al., 1993), 
the rat mesenteric artery (Dal-Ros et al., 2009), the porcine coronary artery 
(Ndiaye et al., 2005), the human coronary, and internal mammary artery 
(Flesch et al., 1998; Rakici et al., 2005). NO-mediated relaxations to grape- 
derived products have also been observed in resistance arteries such as the rat 
mesenteric bed and cerebral arterioles (Soares de Moura et al., 2002; Chan 
et al., 2008) and porcine retinal arterioles (Nagaoka et al., 2007), and in 
veins such as the human saphenous vein (Rakici et al., 2005). The possibility 
that NO-mediated relaxations to grape-derived products are dependent on 
gender has been assessed using aortic rings from female and male rats (Kane 
et al., 2009). These studies indicate that RWPs cause NO-mediated relaxa- 
tions in aortic rings from both female and male rats but that the response is 
more pronounced in females (Kane et al., 2009). As acetylcholine-induced 
NO-mediated relaxations are also greater in female compared to male aortic 
rings, the enhanced vasorelaxation in females is most likely the consequence 
of the twofold higher expression level of eNOS in females (Kane et al., 2009; 
Weiner et al, 1994). Thus, blood vessels from both female and male 
may benefit from the ability of polyphenols to improve the NO-mediated 
vascular protection. 

Experiments comparing the effect of numerous wines have indicated that 
some red wines induce pronounced endothelium-dependent relaxations of 
isolated blood vessels, whereas others have little effect (Burns et al., 2000; 
Cishek et al., 1997; Flesch et al., 1998). The difference in vasodilator activity 
of red wines is strongly correlated to their phenolic content (Burns et al., 
2000). The major role of polyphenols is further supported by the fact that 
polyphenolic-rich extracts from red wines are strong inducers of endothelium- 
dependent relaxations (Andriambeloson et al., 1997; Ndiaye et al., 2005). 
Red wine contains large amounts of phenolic compounds (1-4 g/1 of poly- 
phenols expressed as gallic acid equivalents) from grapes, particularly the 
skins and seeds, and also wood- and yeast-derived phenolics (Hooper et al., 
2008; Singleton, 1981). Indeed, grape skin and grape seed extracts induce 
strong endothelium-dependent relaxations (Fitzpatrick et al., 1993, 2000; 
Madeira et al., 2009; Mendes et al, 2003; Soares de Moura et al, 2002). 
In addition, several types of white wines, which contain about 10% of the 
phenolic content of red wines, cause little or no endothelium-dependent 
relaxations (Flesch et al., 1998). Besides red wines, potent endothelium- 
dependent relaxations of isolated blood vessels have also been observed in 
response to several grape juices and in particular purple grape juice, a rich 
source of polyphenols (2.3 g/1; Anselm et al., 2007; Fitzpatrick et al., 1993). 

Wines are complex mixture of several hundreds of polyphenolic 
compounds (German & Walzem, 2000). Fractionation of RWPs has indicated 
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that a great variety of compounds are able to stimulate the endothelial 
formation of NO and in particular, procyanidins and anthocyanidins 
( Andriambeloson et al. , 1 9 9 8 ; Auger et al. , 20 1 0a ) . In particular, the anthocyanin 
petunidin-3-0-(6"coumaroyl)-glucoside was identified as a potent activator 
of eNOS, whereas its related compound petunidin-3-O-glucoside and 
petunidin aglycone were inactive (Auger et al., 2010a). 

b. Mechanisms Involved in the Polyphenol-lnduced Activation of eNOS The 
investigation of the signaling pathway mediating the stimulatory effect of 
grape-derived polyphenols on eNOS activation has surprisingly indicated a 
key role for an intracellular redox-sensitive mechanism (Fig. 1; Ndiaye et al., 
2005). Indeed, NO-mediated relaxations to RWPs in coronary artery rings 
were markedly reduced by membrane-permeant analogs of superoxide dis- 
mutase (SOD), Mn(III)tetrakis(l-methyl-4-pyridyl)porphyrin (MnTMPyP) 
and polyethyleneglycol-SOD (PEG-SOD), and of catalase (PEG-catalase) but 
remained unaltered by native SOD and native catalase (Ndiaye et al, 2005). 
In addition, Mn(III)tetrakis(l-methyl-4-pyridyl)porphyrin (MnTMPyP), 
PEG-catalase, and the antioxidant N-acetylcysteine also prevented the 
RWPs-induced formation of NO in cultured endothelial cells (Ndiaye et al., 
2005). Similar findings were also observed with Concord grape juice and a 
grape skin extract (Anselm et al., 2007; Madeira et al., 2009). In contrast, 
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FIGURE I Polyphenols are potent inducers of the endothelial formation of NO via the Src/ 
PI3-kinase/Akt pathway. eNOS, endothelial NO synthase; L-Arg, L-arginine; NO, nitric oxide; 
PDK1, phosphoinositide-dependent kinase 1; PI3K, phosphatidylinositol 3-kinase; ROS, 
reactive oxygen species; sGC, soluble guanylyl cyclase. 
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NO-mediated relaxations to a physiological agonist bradykinin were not 
affected by MnTMPyP indicating that grape-derived polyphenols and brady- 
kinin activate distinct signaling pathways leading to eNOS activation (Ndiaye 
et al., 2005). More direct evidence that grape-derived polyphenols are able to 
cause the intracellular formation of superoxide anions was obtained in 
cultured coronary artery endothelial cells using the redox-sensitive probe 
dihydroethidine (Anselm et al, 2007; Madeira et al., 2009; Ndiaye et al., 
2003). Although the endothelial source of superoxide anions remains unclear, 
it does not seem to involve classic enzymatic sources such as NADPH oxidase, 
xanthine oxidase, cytochrome P450, or the mitochondrial respiratory chain 
but rather appears to be dependent on the polyphenol hydroxyl moieties 
suggesting their auto-oxidation, a mechanism known to generate semi-qui- 
nones and then quinones with the concomitant formation of superoxide 
anions (Fig. 2; Auger et al., 2010b; Madeira et al., 2009; Ndiaye et al., 
2005). Such a hypothesis is consistent with the fact that methylation of the 
hydroxyl groups of a grape seed extract resulted in the loss of its biological 
activity (Edirisinghe et al., 2008a). The pro-oxidant response in endothelial 
cells triggers the Src/PI3-kinase/Akt pathway, which ultimately causes eNOS 
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FIGURE 2 Proposed mechanism of auto-oxidation of polyphenols, a process where a group 
of two ortho hydroxyl functions provides through a two-step oxidation process first a 
semi-quinone and, second, a quinone, with the concomitant generation of superoxide anions. 
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activation by increasing the phosphorylation level of Ser 1177, a positive 
regulatory site, and the dephosphorylation of Thr 495, a negative regulatory 
site (Fig. 1; Anselm et al., 2009; Edirisinghe et al., 2008a, 2008b; Madeira 
et al., 2009; Ndiaye et al, 2005). Interestingly, the polyphenol-induced 
changes in eNOS phosphorylation level persisted for more than 30 min, 
which may explain their ability to stimulate NO formation for several hours, 
whereas that induced by bradykinin is a transient event, which vanishes within 
5-10 min (Anselm et al., 2009; Ndiaye et al., 2005). 

Besides changes in phosphorylation levels, eNOS activity can also be 
enhanced in response to an increase in the calcium signal via the interaction 
of the calcium-calmodulin complex with the calmodulin-binding domain 
within eNOS (Fleming, 2010). Experiments with cultured endothelial cells 
have indicated that the RWP-induced formation of NO requires calcium in 
the extracellular medium, and that this effect is associated with an increase in 
the intracellular concentration of calcium (Martin et al., 2002). However, 
since the calcium signal is relatively small (the peak increase is about 
100 nM) and short-lasting (about 2-3 min), the calcium signal most likely 
acts in synergy with the Src/PI3-kinase/Akt pathway to rapidly initiate 
a significant eNOS-dependent NO formation, whereas changes in eNOS 
phosphorylation levels may control the sustained NO formation. 

As estrogens have been shown to activate eNOS via the PI3-kinase/Akt 
pathway and polyphenols can interact with estrogen receptors (Chambliss & 
Shaul, 2002), several studies have investigated the involvement of estrogen 
receptors in the stimulatory effect of polyphenols on eNOS. A red wine 
extract Provinol® caused small endothelium-dependent relaxations in aortic 
rings from estrogen receptor alpha wild-type mice but not in estrogen recep- 
tor alpha knockout mice (Chalopin et al, 2010). Moreover, the Provinol®- 
induced formation of NO and phosphorylation of eNOS on Ser 1177 in 
EaHy926 cells, a human endothelial cell line, were abolished by fulvestrant, a 
selective estrogen receptor alpha antagonist, and by siRNA directed against 
estrogen receptor alpha (Chalopin et al., 2010). In contrast, fulvestrant did 
not affect endothelium-dependent NO-mediated relaxations to RWPs and 
two major red wine polyphenols, kaempferol and rutin, in the rat aorta, and 
also not the RWPs-induced eNOS phosphorylation on Serll77 in porcine 
coronary artery endothelial cells studied at first passage (Kane et al., 2009; 
Padilla et al., 2005). Thus, these findings suggest that the estrogen receptor 
alpha may be involved in the endothelial formation of NO in response to 
some red wine polyphenols and in certain types of endothelial cells. 

2. Role of Endothelium-Derived Hyperpolarizing Factor 

a. Endothelium-Derived Hyperpolarizing Factor-Mediated Relaxations Endo- 
thelium-derived hyperpolarizing factor (EDHF)-mediated relaxations are 
usually characterized as the component of arterial endothelium-dependent 
relaxations which are resistant to inhibitors of NO synthase and 
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cyclooxygenases. EDHF is proposed to be an electrical signal that is 
propagated from endothelial cells via myoendothelial gap junctions to the 
underlying smooth muscle (Griffith et al., 2004) and/or a substance, or even 
potassium ions released from endothelial cells, and which action is to 
hyperpolarize the vascular smooth muscle (Edwards et al., 1998; Fisslthaler 
et al., 1999; Matoba et al., 2000). It is now accepted that these mechanisms 
may operate in parallel in many arteries and, for instance, in maximally 
contracted rat mesenteric artery, myoendothelial gap junctions and endothe- 
lium-derived potassium ions are both responsible for the EDHF phenomenon 
(Dora et al., 2003; Edwards et al., 1998). 

EDHF has been the focus of several recent reviews (Campbell & 
Fleming, 2010; de Wit & Griffith, 2010; Edwards et al., 2010; Shimokawa, 
2010). 

b. Polyphenols Induce Endothelium-Dependent EDHF-Mediated Responses in 
Arteries The first demonstration of a participation of EDHF to endotheli- 
um-dependent responses to polyphenols comes from a study performed with 
isolated porcine coronary arteries (Fig. 3; Ndiaye et al., 2003). In this study, 
it was shown that RWPs are able to induce concentration-dependent EDHF- 
mediated relaxations associated with hyperpolarization of vascular smooth 
muscle cells. EDHF-mediated endothelium-dependent relaxations have also 
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FIGURE 3 Polyphenols are potent inducers of the endothelial formation of EDHF via the 
PI3-kinase/Akt pathway. Some polyphenols such as resveratrol might also directly activate IKq, 
channels in endothelial cells. EDHF, endothelium-derived hyperpolarizing factor; IK C .„ interme- 
diate conductance calcium-activated potassium channels; PDK1, phosphoinositide-dependent 
kinase 1; PI3K, phosphatidylinositol 3-kinase; ROS, reactive oxygen species; SK Ca , small 
conductance calcium-activated potassium channels. 
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been characterized in the isolated, perfused or not, mesenteric arterial bed in 
response to an aqueous extract of the roots of Siberian ginseng (Kwan et al., 
2004), an extract of Eucommia ulmoides Oliv. bark, a traditional Chinese 
medicinal herb containing polyphenols (Kwan et al., 2004), acai (Euterpe 
oleracea Mart.; Rocha et al., 2007), an alcohol-free lyophilized Brazilian 
red wine (de Moura et al., 2004), and RWPs (Dal-Ros et al., 2009). It is 
noteworthy that Concord grape juice, a nonalcoholic rich source of grape- 
derived polyphenols, is also able to induce EDHF-mediated relaxations of 
porcine coronary arteries (Anselm et al., 2007). 

c. Mechanisms Involved in Polyphenol-lnduced EDHF-Mediated Responses The 
mechanisms involved in the polyphenol-induced EDHF-mediated relaxation 
are still poorly understood. However, studies aiming to characterize the 
endothelial mechanisms involved in RWPs-induced EDHF-mediated 
responses clearly indicated that relaxation and hyperpolarization are depen- 
dent on the endothelial intracellular formation of superoxide anions in 
porcine coronary arteries (Fig. 3; Ndiaye et al., 2003). Indeed, RWPs-induced 
EDHF-mediated relaxations which are examined in the presence of L-NA and 
indomethacin, to rule out the formation of NO and vasoactive prostanoids, 
respectively, are reduced by antioxidants, such as N-acetylcysteine, and 
membrane-permeant analogs of SOD, such as MnTMPyP and PEG-SOD. 
In addition, exposure of cultured porcine coronary artery endothelial cells to 
RWPs induced the MnTMPyP-sensitive formation of superoxide anions 
(Ndiaye et al., 2003). It has been shown thereafter that the RWPs-induced 
EDHF-mediated relaxation of porcine coronary arteries involves the 
redox-sensitive activation of PI3-kinase leading to Akt phosphorylation in 
endothelial cells (Ndiaye et al., 2004). The possibility that the PI3-kinase/Akt 
pathway modulates potassium channel activity and/or myoendothelial gap 
junctions in response to polyphenols remains to be examined (Fig. 4). 

d. Effects of Polyphenols on Ionic Channels in Endothelial Cells The capacity of 
the combination of charybdotoxin plus apamin to inhibit EDHF-mediated 
responses indicates that polyphenols are able to open calcium-activated 
potassium (K Ca ) channels (Ndiaye et al., 2003). Indeed, it is known from 
electrophysiological evaluation in voltage-clamped Xenopus laevis oocytes 
injected with raSlo mRNA that flavonoids are effective openers of large 
conductance K Ca (BK Ca ) channels (Li et al., 1997). From this study, it appears 
that meta-OH substitution at position A7 of the flavonoid structure is im- 
portant for activity. In addition, it has also been shown, in human umbilical 
vein endothelial cells, that resveratrol, a polyphenolic phytoalexin found in 
grape skin, red wine, and peanuts, is able to activate BK Ca channels. The 
resveratrol-induced increase in channel activity is independent of internal 
calcium (Li et al., 2000). Furthermore, in the MSI cell line, a pancreatic islet 
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FIGURE 4 Schematic summarizing the protective effect of polyphenols on the arterial wall. 
Polyphenols are able to strongly stimulate the redox-sensitive endothelial formation of NO and 
EDHF-mediated relaxation, two potent vasoprotective mechanisms, and to prevent the endothe- 
lial formation of cyclooxygenase-derived metabolites of arachidonic acid that act on thrombox- 
an receptors in vascular smooth muscle cells to cause vasoconstriction. In addition, polyphenols 
also prevent the excessive vascular formation of reactive oxygen species mostly by normalizing 
the expression of NADPH oxidase and angiotensin II ATI receptor in the arterial wall. Both the 
effect in endothelial cells and vascular smooth muscle cells will promote vasodilation, and 
prevent inflammatory responses as well as activation of platelets. Ang II, angiotensin II; COXs, 
cyclooxygenases; EDCF, endothelium-derived contracting factors; EDHF, endothelium-derived 
hyperpolarizing factor; NO, nitric oxide; PI3K, phosphatidylinositol 3-kinase; ROS, reactive 
oxygen species. 



endothelial cell line, resveratrol stimulated intermediate K Ca (IK Ca ) channels 
(24 pS) by increasing their open probability (Li et al., 2000). Altogether, these 
results suggest that activation of IK Ca channels in endothelial cells may 
contribute to EDHF-mediated responses to polyphenols in arteries such as 
the porcine coronary artery and the rat mesenteric artery. In these types of 
blood vessels, the consecutive endothelial hyperpolarization may then be 
transferred to the underlying vascular smooth muscle cells via gap junctions. 

e. Effects of Polyphenols on Gap Junctions Intercellular communication 
through vascular gap junctions has been shown to be involved in the 
RWPs-induced EDHF-mediated relaxations in the isolated rat mesenteric 
artery using pharmacological inhibitors such as carbenoxolone and 18 
a-glycyrrhetinic acid (Dal-Ros et al, 2009). Similarly, gap junctional 



Polyphenols and Endothelial NO and EDHF I 43 

communication is involved in endothelium-dependent vasodilatation of the 
perfused rat mesenteric artery induced by an aqueous extract prepared from 
the leaves of E. ulmoides Oliv., which contains polyphenols such as chloro- 
genic acid, caffeic acid, rutin, quercetin, and kaempferol (Jin et al., 2008; Luo 
et al., 2004). However, the mechanism of activation of vascular gap junctions 
by polyphenols remains to be investigated. Decreased EDHF-mediated 
responses to red wine polyphenols have been observed in angiotensin 
II-induced hypertensive rats (Dal-Ros et al., 2009) and in rats submitted to 
common bile duct ligation (Dal-Ros et al., 2010), which were associated with a 
reduced vascular expression of connexins Cx37, Cx40, and Cx43. 



B. A Great Variety of Polyphenol-Rich Sources Induce 
the Endothelial Formation of NO 

Over the last few years, several sources of phenolics compounds have 
been shown to induce the endothelial formation of NO in various in vitro and 
ex vivo models. Since polyphenols are plant secondary metabolites, these 
studies have examined predominantly products derived from plants used 
as traditional remedies predominantly against hypertension, and also 
polyphenol-rich food items such as red wine, cocoa, or tea. 

/. Plant-Derived Polyphenols 

Anselm et al. have shown that the procyanidin-rich extract of Crataegus 
(hawthorn) WS1442® induced the redox-sensitive activation of Akt and 
eNOS in endothelial cells, and endothelium-dependent NO-mediated relaxa- 
tions in porcine coronary artery rings (Anselm et al., 2009). Moreover, the 
same extract also induced activation of eNOS and formation of NO in 
human coronary artery endothelial cells as well as endothelium-dependent 
NO-mediated relaxations in rat aortic rings and human mammary artery 
from coronary bypass patients (Brixius et al, 2006) (see Table I). 

Other rich sources of polyphenols include maritime pine bark extracts, 
which are rich in procyanidins. Pycnogenol® and Flavangenol®, two com- 
mercially available pine bark extracts, have been shown to induce endotheli- 
um-dependent NO-mediated relaxations in rat and mouse aortic rings and 
rat mesenteric artery rings (Fitzpatrick et al., 1998; Kwak et al., 2009). 

Moreover, studies with traditional plant remedies for the treatment of 
hypertension have indicated that among 11 plants used for traditional 
treatment of hypertension in sub-Saharan Benin, endothelium-dependent 
relaxations in porcine coronary artery rings were observed only with three 
plant extracts, namely Croton celtidifolius, Gardenia ternifolia, and Parkia 
biglobosa, the later being the most potent (Tokoudagba et al, 2010). 
Endothelium-dependent NO-mediated relaxations have also been reported 
for an extract of Hibiscus sabdariffa (Sarr et al., 2009). 



TABLE I Nonexhaustive Review of Studies on Endothelial Effects of Polyphenol-Containing Plants 



Plant 



Model 



Reported effects 



Dose used 



References 



In vitro 

Crataegus extract WS1442 a 

Gingko biloba extract 



Kaempferia parviflora extract 

Lysimachia clethroides extract 

Ex vivo 

Acai stone extract 

Crataegus extract WS1442® 



Crataegus extract WS1442® 

Gardenia ternifolia leaf extract 
Hawthorn extract 

Hibiscus sabdariffa extract 

Lysimachia clethroides extract 

Parkia biglobosa leaf extract 
Procyanidin-rich extract of 
Croton celtidifolius 



Porcine coronary artery 

endothelial cells 
EaHy926 endothelial cells 



Human umbilical vein endo- 
thelial cells 
Bovine aortic endothelial cells 

Rat mesenteric vascular bed 

Rat aortic rings and human 
internal mammary artery 
rings from coronary 
bypass patients 

Porcine coronary artery rings 

Porcine coronary artery rings 
Rat mesenteric artery rings 

Rat aortic rings 

Rat aortic rings 

Porcine coronary artery rings 
Rat mesenteric vascular bed 



eNOS activation 

Induction of eNOS protein 

expression, eNOS phosphoryla- 
tion, and activity 

NO formation 

eNOS activation 

Endothelium-dependent 
NO-mediated relaxation 

Endothelium-dependent 

NO-mediated relaxations in rat 
aortic and human mammary ar- 
tery rings 

Endothelium-dependent 
NO-mediated relaxation 

Endothelium-dependent relaxation 

Endothelium-dependent 
NO-mediated relaxation 

Endothelium-dependent 
NO-mediated relaxation 

Endothelium-dependent 
NO-mediated relaxation 

Endothelium-dependent relaxation 

NO-mediated relaxation 



Anselm et al. (2009) 
Koltermann et al. (2007) 

Wattanapitayakul et al. 

(2007) 
Lee et al. (2010) 

Rocha et al. (2007) 

Brixius et al. (2006) 



Anselm et al. (2009) 

Tokoudagba et al. (2010) 
Chenetal. (1998) 

Sarr et al. (2009) 

Lee et al. (2010) 

Tokoudagba et al. (2010) 
DalBoetal. (2008) 



Pycnogenol® 

Siberan Ginseng extract 

Spondia mombin leaf extract 

In vivo 

Citrus unsbiu Marc extract 



Flavangenol" (maritime pine 
bark extract) 

Flavangenol" (maritime pine 
bark extract) 



Rat aortic rings 

Dog carotid arterial rings, rat 
aortic, and mesenteric ar- 
tery rings 

Porcine coronary artery rings 

Diabetic and control rats 



DOCA-salt rats 



Rat aortic rings and 
mesenteric vascular bed 



Gingko biloba extract Sprague-Dawley rats 

Mammea africana stem extract L-NAME-treated rats 
Solarium torvum fruit extract L-NAME-treated rats 



In human 

Gingko biloba extract 



Pycnogenol" 



Patients with coronary artery 
disease 

Healthy young men 



Endothelium-dependent 
NO-mediated relaxation 

Endothelium-dependent 
NO-mediated relaxation 

Endothelium-dependent relaxation 

3% and 10% extract in diet 
restored acetylcholine-induced 
relaxation in aortic rings 

Reduction of systolic blood pres- 
sure and increased acetylcholine- 
induced relaxation 

Endothelium-dependent NO- 
mediated relaxation in aortic 
strips and endothelium-depen- 
dent relaxation in mesenteric 
vascular bed 

NO-dependent reduction of blood 
pressure 

Reduction of systolic blood 
pressure 

Reduction of systolic blood 
pressure 

Increased in NO formation in left 
anterior coronary artery 

NO-mediated increase of forearm 
blood flow response to acetyl- 
choline 



Fitzpatrick et al. (1998) 
Kwan et al. (2004) 

Tokoudagba et al. (2010) 



1%, 3%, and 10% in Kamata et al. (2005) 
diet for 10 weeks 

0.1% in the diet for Kwak et al. (2009) 

5 weeks 

0.1 % in the diet for Kwak et al. (2009) 
5 weeks 



5 mg intravenous 
administration 

200 mg/kg/day for 
4 weeks 

200 mg/kg/day for 
4 weeks 

87.5 mg/day intrave- 
nous administra- 
tion for 2 weeks 

180 mg/day for 
2 weeks 



Koltermann et al. (2007) 

Nguelefack-Mbuyo et al. 

(2008) 
Nguelefack et al. (2009) 



Wu et al. (2008) 



Nishioka et al. (2007) 
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2. Nutritional-Derived Polyphenols 

Besides grape-derived products, several other dietary polyphenol-rich 
sources such as berries have been shown to induce the endothelial formation 
of NO (Table II). Indeed, endothelium-dependent relaxations in isolated arteries 
have been observed in response to blackcurrant (Nakamura et al., 2002), 
chokeberry, bilberry (Bell & Gochenaur, 2006), cranberry (Maher et al., 
2000), raspberry, and strawberry extracts (Edirisinghe et al., 2008a, 2008b). 



C. Several Authentic Polyphenols Induce the Endothelial 
Formation of NO 

Polyphenol-rich food sources are complex mixtures also containing, be- 
sides a great variety of polyphenols, nonphenolic matrix including peptides, 
sugars, organic acids, and other natural compounds. It has been estimated that 
red wines contain several hundreds of different phenolic compounds (German 
& Walzem, 2000). Therefore, the study of purified phenolic compounds is 
necessary to demonstrate unambiguously that polyphenols are able to stimu- 
late the endothelial formation of NO and also to better understand the 
structure-activity relationship for their vasorelaxant activity. 

Phenolics compounds can be separated into nonflavonoids and flavo- 
noids compounds (Tables III and IV). Among nonflavonoids, trans-resvera- 
trol, a stilbene, has been reported to have several beneficial effects on the 
cardiovascular system (Penumathsa & Maulik, 2009). fraws-Resveratrol 
stimulated eNOS protein expression in cultured endothelial cells 
(Nicholson et al., 2008; Wallerath et al., 2005) and caused endothelium- 
dependent and -independent relaxations in rat aortic rings (Leblais et al., 
2008; Rush et al, 2007). In addition, eNOS protein expression in 
cultured EaHy926 endothelial cells was increased in response to the non- 
flavonoids p-coumaric acid, vanillic acid, benzoic acid, and caffeic acid 
(Wallerath etal, 2005). 

Similarly, several studies have reported that various flavonoids can 
induce activation of eNOS in vitro and ex vivo (Table IV). Anthocyanins 
are flavonoid pigments responsible for the blue-red colors of many fruits and 
vegetables such as berries, apple skins, and red and purple grape skins. The 
anthocyanins, cyanidin and cyanidine-3-glucoside, have been shown to in- 
duce eNOS protein expression and activation in cultured endothelial cells 
(Wallerath et al., 2005; Xu et al, 2004a, 2004b), and delphinidin induced 
endothelium-dependent NO-mediated relaxations in isolated arteries 
(Andriambeloson et al, 1998; Leblais et al., 2008; Stoclet et al, 1999). 
Recently, we have isolated by fractionation of a red wine extract, petuni- 
din-3-coumaroylglucoside, a potent activator of eNOS, and stimulator of 
NO formation in cultured endothelial cells from coronary arteries (Auger 
etal., 2010a). 



TABLE II Nonexhaustive Review of Studies on Endothelial Effects of Nutritional Polyphenol-Rich Sources 



Alimentary source 



Type of Model 

study 



Reported effects 



Dose used (in vivo) 



References 



Cocoa 
Cocoa 



Cocoa extract CocoanOX® 
Dark chocolate 



Dark chocolate and cocoa 



Clinical Diabetic patients 



In vivo Spontaneously 

hypertensive rats 
Clinical Healthy adult subjects 



Healthy adult smokers 

Hypertensive patients 
Clinical Overweight adults 



Tea 






Green tea and black tea 


In vivo 


Stroke-prone spontaneously 


polyphenol mix 




hypertensive rats 


Black tea 


Clinical 


Patients with coronary 
artery disease 



Green tea extract Teavigo* 



Clinical Patients with coronary 

artery disease 



Dose-dependent increases of 
flow-mediated dilatation 

Increased flow-mediated 
dilatation 

Reduction of blood pressure 

Improvement of endotheli- 
um-dependent flow- 
mediated dilatation 

Increased flow-mediated 
dilatation 2 h after intake 
and effect last for 8 h 

Reduction of systolic and 
diastolic blood pressure 

Increased flow-mediated 
dilatation and decreased 
blood pressure 

Reduction of systolic and 

diastolic blood pressure 
Increased flow-mediated 

dilatation 
Increased flow-mediated 

dilatation 
Increased flow-mediated 

dilatation 



3 x 321 mg flavonols/days for 

30 days 
100 and 300 mg/kg per gavage 

46 g 



40 g 

100 g/day for 14 days 
22 g 

5g/l 

450 ml tea 

900 ml/day for 8 weeks 

300 mg 



Balzer et al. (2008) 

Balzer et al. (2008) 

Cienfuegos-Jovellanos 

et al. (2009) 
Engler et al. (2004) 

Hermann et al. (2006) 

Taubertetal. (2003) 
Faridi et al. (2008) 



Negishi et al. (2004) 
Duffy etal. (2001) 
Duffy etal. (2001) 
Widlansky et al. (2007) 
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Table II (continued) 



Alimentary source 



Type of 
study 



Model 



Reported effects 



Dose used (in vivo) 



References 



Grape juice 
Purple grape juice 



Grape products 
Grape marc extract 



Ex vivo Porcine coronary artery 

rings 

Clinical Hypertensive patients 

Patients with coronary 
artery disease 



Hypercholesterolemic 
patients 



Ex vivo 

Grape marc extract In vivo 

Grape procyanidins extract Ex vivo 
Grape seed extract In vitro 

Ex vivo 



Sprague-Dawley rat aortic 
rings 

Fructose-fed Sprague- 
Dawley rats 

Human internal mammary 
artery rings 

Human umbilical vein 
endothelial cells 

Sprague-Dawley rat aortic 
rings 

New Zealand rabbit aortic 
rings 

Wistar rat aortic rings 



Endothelium-dependent 

NO- and EDHF-mediated 

relaxation 
Reduction of systolic and 

diastolic blood pressure 
Increased flow-mediated 

dilatation 
Increased flow-mediated 

dilatation 
Increased flow-mediated 

dilatation 



5.5 mg/kg/day for 8 weeks 
4 and 8 ml/kg for 4 weeks 
7.7 ml/kg/days for 14 days 
500 ml/day for 14 days 



Endothelium-dependent 

relaxation 
Reduction of blood pressure 21 mg/kg for 6 weeks 

Endothelium-dependent 

NO-mediated relaxation 
Phosphorylation of eNOS 

Endothelium-dependent 

relaxation 
Endothelium-dependent 

relaxation 
Endothelium-dependent 

NO-mediated relaxation 



Anselm et al. (2007) 

Park et al. (2004) 
Chouetal. (2001) 
Stein etal. (1999) 
Coimbraetal. (2005) 

Auger et al. (2004) 

Al-Awwadi et al. (2005) 

Aldinietal. (2003) 

Edirisinghe et al. 

(2008a) 
Auger et al. (2004) 

Edirisinghe et al. 

(2008a) 
Mendes et al. (2003) 







Sprague-Dawley rat aortic 


Endothelium-dependent 






rings and mesenteric 


relaxation 






vascular bed 






In vivo 


Fructose-fed Sprague-Daw- 
ley rats 


Reduction of blood pressure 


Grape skin extract 


In vitro 


Porcine coronary artery en- 
dothelial cells 


Phosphorylation of eNOS 




Ex vivo 


Porcine coronary artery 


Endothelium-dependent 






rings 


NO-mediated relaxation 






Rat aortic rings 


Endothelium-dependent 
NO-mediated relaxation 




In vivo 


Ovariectomized spontane- 
ously hypertensive rats 


Reduction of blood pressure 


Procyanidin-rich red wine 


Ex vivo 


Wistar rat aortic rings 


Endothelium-dependent 


fractions 






relaxation 


Provinols" 


In vitro 


EaHy926 endothelial cells 


ERalpha -dependent 

phosphorylation of eNOS 




Ex vivo 


Wistar rat femoral artery 


NO-mediated relaxation 






rings 


and NO formation 




In vivo 


ERalpha' ' mice 


Endothelium-dependent 
ERalpha-dependent 
relaxation 

Induction of ERalpha- 
dependent formation of 
NO in aorta 






L-NAME-treated NO 


Reduction of systolic blood 






deficient rats 


pressure, improved 
acetylcholine-induced 
relaxation, and NO 
synthase activity 
Reduction of blood pressure 
and increased eNOS 



21 mg/kg for 6 weeks 



0.5% in diet for 10 weeks 



40 mg/kg/day for 3 weeks 



40 mg/kg/day for 4 weeks 



Fitzpatrick et al. (2000) 

Al-Awwadi et al. (2005) 

Madeira et al. (2009) 

Madeira et al. (2009) 

Fitzpatrick et al. (1993) 

Peng et al. (2005) 

Andriambeloson et al. 

(1998) 
Chalopin et al. (2010) 

Zenebe et al. (2003) 

Chalopin et al. (2010) 

Chalopin et al. (2010) 

Bernatova et al. (2002) 



Pechanova et al. (2004) 



activity 
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Table II (continued) 



Alimentary source 



Type of 
study 



Model 



Reported effects 



Dose used (in vivo) 



References 



Red grape extract 


Clinical 


Patients with coronary 
artery disease 


Wines 






Red and white wines 


Clinical 


Patients with coronary 
artery disease 


Spanish wines 


Ex vivo 


Wistar rat aortic rings 


Red wine 


In vitro 


EaHy926 endothelial c 



EaHy926 endothelial cells 



Ex vivo 


Rat aortic rings 




New Zealand rabbit aortic 




rings 




Human coronary artery 




rings 




Wistar rat perfused 




mesenteric bed 


In vivo 


L-NAME-treated NO 




deficient rats 


Clinical 


Healthy adults 



Healthy adult men 



Increased flow-mediated 600 mg 

dilatation 

Increased flow-mediated 4 ml/kg 

dilatation 
Endothelium-dependent 

relaxation 
Increased eNOS expression 

and eNOS activity 
Induction of eNOS protein 

expression and NO 

formation 
Endothelium-dependent 

NO-mediated relaxation 

NO-mediated relaxation 

Endothelium-dependent 

relaxation 
Endothelium-dependent 

NO- and EDHF-mediated 

relaxation 
Reduction of blood pressure 100 mg/kg/day for 10 days 



Increased flow-mediated 

dilatation 
Increased flow-mediated 

dilatation 



240 ml/day for 30 days 



Lekakis et al. (2005) 

Whelan et al. (2004) 
Padilla et al. (2005) 
Wallerath et al. (2005) 
Wallerath et al. (2003) 

Andriambeloson et al. 

(1997), Fitzpatrick 

etal. (1993) 
Cisheketal. (1997) 

Fleschetal. (1998) 

de Moura et al. (2004) 

de Moura et al. (2004) 
Boban et al. (2006) 
Cuevas et al. (2000) 



Red wine and alcohol-free Ex vivo 
red wine 

In vivo 

Clinical 

Red wine without alcohol Ex vivo 

Clinical 



Red wine fraction Ex vivo 

Anthocyanins-rich red wine Ex vivo 

fraction 
Red wine extract 
Red wine extract In vitro 



Ex vivo 



Hypercholesterolemic 

patients 
Rat aortic rings 



Sprague-Dawley rats 

Habitual smokers 

Sprague-Dawley rats 

Healthy adults 

Healthy adult men 

Patients with coronary 

artery disease 
Rat mesenteric arterial bed 
Wistar rats 



Porcine coronary artery 
endothelial cells 

EaHy926 and human 

umbilical vein endothelial 
cells 

Rat mesenteric artery rings 

Sprague-Dawley rats 

Hypertensive commun bile 
duct ligation rats 



Increased flow-mediated 
dilatation 

Red wine with or without 
alcohol-induced 
relaxation 

NO-mediated increase of 
bleeding time and 
decrease of platelet 
adhesion to collagen 

Reduction of blood pressure 

Increased eNOS activity and 

NO formation 
Increased flow-mediated 

dilatation 
Increased flow-mediated 

dilatation 
Increased flow-mediated 

dilatation 
NO-mediated relaxation 
Endothelium-dependent 

relaxation 

eNOS activation 

eNOS activation 
Induction of eNOS protein 

expression and NO 

formation 
Endothelium-dependent 

NO-mediated relaxation 
Endothelium-dependent 

relaxation 
Endothelium-dependent 

NO-mediated relaxation 



250 ml/day for 14 days 



8.4 ml/day for 10 days 



35% in diet for 10 days 



250 ml 



500 ml 



250 ml 



Coimbra et al. (2005) 
Boban et al. (2006) 

Wollnyetal. (1999) 



Papamichael et al. 

(2006) 
Benito et al. (2002) 

Agewall et al. (2000) 

Hashimoto et al. (2001) 

Karatzi et al. (2004) 

Schuldt et al. (2005) 
Andriambeloson et al. 
(1998) 

Auger et al. (2010a) 

Ndiayeetal. (2005) 
Leikert et al. (2002) 

Duarte et al. (2004) 
Stoclet et al. (1999) 
Dal-Rosetal. (2010) 
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Table II (continued) 



Alimentary source 



Type of Model 


Reported effects 


study 




Guinea pig aortic rings 


Endothelium-dependent 




NO-mediated relaxation 


Wistar rats 


Endothelium-dependent 




relaxation 


Wistar rats 


Endothelium-dependent 




NO-mediated relaxation 


Porcine coronary artery 


Endothelium-dependent 


rings 


NO-mediated relaxation 


Angiotensin Il-induced 


NO- and EDHF-mediated 


hypertension in rats 


relaxation 


Porcine coronary artery 


Endothelium-dependent 


rings 


EDHF-mediated 




relaxation 


In vivo Spontaneously hypertensive 


Improved endothelium- 


rats 


dependent and pressure- 




induced dilatation in 




cerebral arterioles 


Ovariectomized spontane- 


Reduction of systolic blood 


ously hypertensive rats 


pressure 


DOCA-salt rats 


Reduction of systolic blood 




pressure 


Angiotensin Il-induced 


Reduction of systolic blood 


hypertension in rats 


pressure 


Spontaneously hypertensive 


Reduction of systolic blood 


rats 


pressure 



Dose used (in vivo) 



References 



Beans 

Soy isoflavones 



Polyphenol-containing 
azuki bean extract 
(Vigna annularis) 



Clinical Postmenopausal women 



In vivo Spontaneously hypertensive 

rats 



Increased flow-mediated 

dilatation and plasmatic 

NO metabolites 
Reduction of systolic blood 

pressure, increased NOx 

excretion in urine 



100 mg/kg/day 

40 mg/kg/day for 5 weeks 

40 mg/kg/day for 5 weeks 

150 mg/kg/day for 3 weeks 

1 % in drinking water for 
8 weeks 

80 mg in low-fat meal 
0.9% in diet for 8 weeks 



Brizic et al. (2009) 

Andriambeloson et al. 

(1998) 
Leblais et al. (2008) 

Ndiaye et al. (2005) 

Dal-Ros et al. (2009) 
Kane et al. (2010) 
Ndiaye et al. (2004) 



Chanetal. (2008) 



Lopez-Sepulveda et al. 

(2008) 
Jimenez et al. (2007) 

Sarr et al. (2006) 

Mizutani et al. (1 



Hall et al. (2008) 



Mukai and Sato (2009) 



Berries 






Blackcurrant extract 


Ex vivo 


Sprague-Dawley aortic 
rings 


Blueberry extract 


In vivo 


Spontaneously hypertensive 
rats 


Chokeberry and bilberry 


Ex vivo 


Porcine coronary artery 


anthocyanins extracts 




rings 


Cranberry juice 


Ex vivo 


Sprague-Dawley aortic 
rings 




In vivo 


Sprague-Dawley 
anaesthetized rats 


Pomegranate concentrated 


In vivo 


Female obese Zucker rats 



juice 
Pomegranate extract In vivo 



Pomegranate juice 



Clinical 



Female obese Zucker rats 

Patients with severe carotid 

artery stenosis 
Hypertensive patients 



Procyanidin-rich apple 


Ex vivo 


Rat aortic rings 


extract 






Raspberry extract and 


Ex vivo 


New Zealand rabbit aortic 


fractions 




rings 


Strawberry extract 


In vitro 


Human umbilical vein 
endothelial cells 




Ex vivo 


New Zealand rabbit aortic 



rings 



Endothelium-dependent 
NO-mediated relaxation 

Reduction of systolic blood 
pressure at 4 and 6 weeks, 
but not at 7 and 8 weeks 

Endothelium-dependent 
relaxation 

Endothelium-dependent 
NO-mediated relaxation 

Reduction of blood pressure 

Endothelium-dependent 
relaxation 

Endothelium-dependent 
relaxation 

Reduction of systolic blood 
pressure 

Reduction of systolic blood 
pressure 

Endothelium-dependent 
NO-mediated relaxation 

Vasorelaxant effect asso- 
ciated with fractions 
enriched in lambertianin 
C and sanguiin H-6 

Phosphorylation of eNOS 

Endothelium-dependent 
NO-mediated relaxation 



3% freeze-dried blueberry in 
diet for 8 weeks 



6.25 ml/1 in drinking water 
6.25 ml/1 in drinking water 
50 ml per day for 1 year 
50 ml per day for 2 weeks 



Nakamura et al. (2002) 

Shaughnessy et al. 
(2009) 

Bell and Gochenaur 

(2006) 
Maher et al. (2000) 

Maher et al. (2000) 

de Nigris et al. (2007) 

de Nigris et al. (2007) 

Aviram et al. (2004) 

Aviram and Dornfeld 

(2001) 
Matsui et al. (2009) 

Mullen et al. (2002) 



Edirisinghe et al. 

(2008b) 
Edirisinghe et al. 

(2008b) 



TABLE III Nonexhaustive Review of Studies on Endothelial Effects of Isolated Nonflavonoid Compounds 



Molecule 



Type of 
study 



Model 



Reported effects 



Dose used 



References 



Stilbenes 
frarcs-Resveratrol 



In vitro EaHy926 endothelial cells 

Human umbilical vein 
endothelial cells 
Ex vivo Wistar rat aortic rings 

Spontaneously hypertensive rats 

Wistar rat aortic rings 
In vivo Obese Zucker rats 



Increased eNOS protein 

expression 
Increased eNOS protein 

expression 
Endothelium-independent 

relaxation 
Improved endothelium- 

dependent relaxation 
NO-mediated relaxation 
Reduced systolic blood 

pressure and increased 

eNOS protein 

expression 



Phenolic acids 








Benzoic acid 


In vitro 


EaHy926 endothelial cells 


Increased eNOS protein 
expression 


Caffeic acid 


In vitro 


EaHy926 endothelial cells 


Increased eNOS protein 
expression 


p-Coumaric acid 


In vitro 


EaHy926 endothelial cells 


Increased eNOS protein 
expression 


Vanillic acid 


In vitro 


EaHy926 endothelial cells 


Increased eNOS protein 
expression 



0.448 and 4.48 mg/1 



10 mg/kg/day for 
8 weeks 



Wallerath et al. (2005) 

Nicholson, et al. (2008) 

Novakovic et al. (2006) 

Rush et al. (2007) 

Leblaisetal. (2008) 
Rivera et al. (2009) 



Wallerath et al. (2005) 
Wallerath et al. (2005) 
Wallerath et al. (2005) 
Wallerath et al. (2005) 



Chlorogenic acid 



In vivo 



Other nonflavonoid compounds 
1-ot-O-Galloylpunicala- In vitro 



gin 

Curcumin 



Dioclein 



Vitisin C 



Ex vivo 



Spontaneously hypertensive rats Reduction of systolic 

blood pressure 



Bovine aortic endothelial cells 
Porcine coronary artery rings 



Ex vivo Wistar rat aortic rings 

Ex vivo Rabbit aortic rings 



Activation of eNOS and 

NO formation 
Endothelium-dependent 

NO-mediated 

relaxation 
Endothelium-dependent 

NO-mediated 

relaxation 
Endothelium-dependent 

NO-mediated 

relaxation 



0.5% of diet (ca. 
300 mg/kg) for 
8 weeks 



Suzuki et al. (2006) 

Chen et al. (2008) 
Xu et al. (2007) 

Lemos et al. (1999) 

Seyaetal. (2003) 



TABLE IV Nonexhaustive Review of Studies on Endothelial Effects of Isolated Flavonoid Compounds 



Molecule 



Type of Model 

study 



Reported effects 



Dose used 



References 



Anthocyans 

Cyanidin In vitro 

Cyanidin-3-glucoside In vitro 



Delphinidin 



EGCg 



Ex vivo 



Petunidin-3 In vitro 

(6"coumaroyl)-glu- 

coside 
Flavanols 
Catechin In vivo 



In vitro 



Ex vivo 



EaHy926 endothelial cells 

Bovine aortic endothelial cells 
Bovine aortic endothelial cells 

Rat aortic rings 

Rat aortic rings 

Rat aortic rings 
Porcine coronary artery 
endothelial cells 

Sprague-Dawley rats 
Bovine aortic endothelial cells 



Porcine coronary artery en- 
dothelial cells 
Bovine aortic endothelial cells 
Rat aortic rings 

Bovine ophtalmic artery rings 



Increased eNOS protein 

expression 
eNOS activation 
eNOS protein expression and NO 

formation 
Endothelium-dependent 

relaxation 
Endothelium-dependent 

relaxation 
NO-mediated relaxation 
eNOS activation and NO 

formation 



eNOS activation and NO 

formation in aorta 
eNOS activation by a PI3-kinase-, 

PKA-, and Akt-dependent 

pathways 
eNOS activation 

eNOS activation 

Endothelium- NO-dependent 
relaxation in aortic rings 

Endothelium-dependent NO- 
mediated relaxation in bovine 
ophtalmic artery 



0.3% in diet for 

10 days 
100 uM 



1-50 uM 



Wallerath et al. (2005) 

Xu et al. (2004b) 
Xu et al. (2004a) 

Stoclet et al. (1 



Andriambeloson et al. 

(1998) 
Leblais et al. (2008) 
Auger etal. (2010a) 



Benito et al. (2002) 
Lorenz et al. (2004) 

Auger et al. (2010b) 

Kim et al. (2007) 
Lorenz et al. (2004) 

Romano and Lograno 
(2009) 



In vivo 



Epicatechin 




Ex vivo 






Clinical 


Procyanidin 


dimers 


In vitro 


Procyanidin 


oligomers 


Ex vivo 


Flavones 






Baicalein 




In vivo 


Baicalein 




Ex vivo 


Chrysin 




Ex vivo 


Flavonols 






Quercetin 




In vivo 



Mesenteric vascular bed from 
spontaneously hypertensive 
rats 

Porcine coronary artery rings 

Wistar rat mesenteric artery 

rings 
Streptozotocin-diabetic rats 



Spontaneously hypertensive 
rats 

Sprague-Dawley rat mesen- 
teric artery rings 

Healthy subjects 

Porcine coronary artery 

endothelial cells 
Sprague-Dawley rat aortic 

rings and mesenteric 

vascular bed 

Spontaneously hypertensive 

rats 
Rat mesenteric artery rings 



Rat aortic rings 



Spontaneously hypertensive 
rats 



Endothelium-dependent 
NO-mediated relaxation 

Endothelium-dependent NO- and 
EDHF-mediated relaxation 

Endothelium-dependent 
NO-mediated relaxation 

Prevention of endothelial 
dysfunction in aortic rings 

Reduction of blood pressure 

Endothelium-dependent 
NO-mediated relaxation 

Induction of flow-mediated 
dilatation 

eNOS activation 

Endothelium-dependent 
relaxation 



25 mg/kg/day per os 
for 8 weeks 

200 mg/kg/day for 3 
weeks 



1 or 2 mg/kg 



Potenza et al. (2007) 

Auger et al. (2010b) 
Kim et al. (2007) 

Roghani and 

Baluchnejadmojarad 

(2009) 
Potenza et al. (2007) 

Huang etal. (1999) 

Schroeter et al. (2006) 

Auger et al. (2010a) 

Fitzpatrick et al. (2000) 



Improved endothelium-depen- 10 mg/kg for 4 weeks Machha et al. (2007a) 

dent relaxation in aortic rings 
Endothelium-dependent Chen et al. (1999) 

NO-mediated relaxation 
Endothelium-dependent Duarte et al. (2001a) 

relaxation 

Prevention of hypertension and of 10 mg/kg for 13 weeks Sanchez et al. (2006) 
the increased eNOS expression 
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Table IV (continued) 



Molecule 



Type of 
study 



Model 



Reported effects 



Dose used 



References 



Quercetin and 
isorhamnetin 



Ex vivo 



Diabetic rat aortic rings 



2K1C Goldblatt hypertensive 

rats 
DOCA-salt rats 



L-NAME-treated NO defi- 
cient rats 

Normal and streptozotocin- 
diabetic rats 

Spontaneously hypertensive 
rats 

Spontaneously hypertensive 
rats 



Dahl-sensitive hypertensive 

rats 
Obese Zucker rats 

Sprague-Dawley rats 

Wistar rat aortic rings 



Restoration of endothelium- 
dependent relaxation in 
diabetic rats 

Prevention of hypertension and of 
endothelial dysfunction 

Reduction of systolic blood 
pressure similarly to 20 mg/kg 
verapamil, prevention of 
endothelial dysfunction 

Prevention of hypertension 

Endothelium-dependent 

relaxations 
Reduction of blood pressure 

Reduction of blood pressure, 
improved endothelium-depen- 
dent and independent 
vasorelaxation in aortic rings 

Reduction of blood pressure 

Reduction of systolic blood 

pressure 
Increased eNOS activity and NO 

formation in the aorta 
Inhibition of endothelial 

dysfunction induced by ET-1 



10 mg/kg for 6 weeks Machha et al. (2007b) 



10 mg/kg for 5 weeks 
10 mg/kg for 5 weeks 

10 mg/kg for 6 weeks 



10 mg/kg/day for 5 

weeks 
10 mg/kg/day for 4 

weeks 



10 mg/kg/day for 4 

weeks 
2 and 10 mg/kg/day 

for 10 weeks 
0.3% in diet for 10 

days 
1-10 uM 



Garcia-Saura et al. (2005) 
Galisteo et al. (2004) 

Duarte et al. (2002) 

Roghani et al. (2004) 

Duarte et al. (2001b) 

Machha and Mustafa 
(2005) 

Mackrajetal. (2008) 
Rivera et al. (2008) 
Benito et al. (2002) 
Romero et al. (2009) 



Enzymatically modi- In vivo 
fied isoquercitrin 

Baicalein, flavone' and In vivo 
quercetin 

Isoflavones 

Equol In vitro 

Ex vivo 

Genistein and daidzein Ex vivo 

Genistein In vivo 



Flavanones 
Hesperetin 



In vitro 



In vivo 



Wistar rat aortic rings 

Spontaneously hypertensive 
rats 

Spontaneously hypertensive 

rats 



Human umbilical vein endo- 
thelial cells 
Wistar rat aortic rings 

Spontaneously hypertensive 

rat aortic rings 
Spontaneously hypertensive 

rats 



Streptozotocin-diabetic rats 



Human umbilical vein endo- 
thelial cells 

Spontaneously hypertensive 
rats 



Prevention of angiotensin Il-in- 
duced endothelial dysfunction 

Reduction of systolic blood 

pressure at 3 mg/kg for up to 

50 days 

Improved endothelium-depen- 
dent relaxation in aortic rings, 
quercetin, and flavone reduced 
systolic blood pressure 

Induction of Akt-mediated eNOS 

activation 
Induction of NO-mediated 

relaxation 
Improved endothelium-depen- 

dent relaxation 
Reduction of blood pressure, 

improved endothelium- 

dependent relaxation, 

increased eNOS activity, and 

decreased oxidative stress 
Prevention of endothelial 

dysfunction in aortic rings 

Induction of ER-dependent NO 

formation and eNOS 

expression 
Reduction of systolic blood 

pressure 



10 uM 

2 mg/kg/day for 

10 mg/kg for 4 weeks 



10 uM 

1 mg/kg for 5 weeks 



1 mg/kg/day IP for 4 
weeks 



50 mg/kg IP 



Sanchez et al. (2007) 
Emura et al. (2007) 



Machha and Mustafa 
(2005) 



Joy et al. (2006) 
Joy et al. (2006) 
Vera et al. (2005) 
Vera et al. (2007) 



Baluchnejadmojarad and 
Roghani (2008) 

Liu et al. (2008) 



Yamamoto et al. (2008) 
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Flavanol monomers such as EGCG also induced activation of eNOS in 
endothelial cells and endothelium-dependent relaxations in artery rings 
(Auger et al., 2010b; Kim et al., 2007; Lorenz et al, 2004). Similar effects 
have been reported with flavanol oligomers (Auger et al., 2010b; Fitzpatrick 
et al, 2002). 

Studies showing that a great variety of polyphenols are able to activate 
eNOS suggest that a common structure within these polyphenols may 
account for their biological activity. The fractionation of a red wine extract 
let to the isolation of two closely related anthocyanins, petunidin-3-cou- 
maroylglucoside, and malvidin-3-coumaroylglucoside (Auger et al., 2010a). 
These anthocyanins differ only by a single substituent: a hydroxyl function 
on position 5' for the petunidin-3-coumaroylglucoside and a methoxyl 
function on position 5' for the malvidin-3-coumaroylglucoside. Interesting- 
ly, petunidin-3-coumaroylglucoside strongly activated eNOS by phosphor- 
ylation on serine 1177, whereas malvidin-3-coumaroylglucoside did not 
have such an effect. These results indicate a critical role for the hydroxyl 
function on position 5' of the B ring for eNOS activation by anthocyanins. 
Moreover, the comparison of petunidin-3-coumaroylglucoside with closely 
related petunidin derivatives revealed that the nature of the substitution 
on position C3 is also critical for the induction of eNOS activation. 
Indeed, petunidin-3-glucoside and petunidin aglycon did not induce activa- 
tion of eNOS, suggesting that the presence of the coumaroyl moiety on the 
glucose is necessary for the activation of eNOS by petunidin-3-coumaroyl- 
glucoside. 

Similarly, the study of several catechins has indicated that EGCG and 
epicatechin gallate induced eNOS activation in cultured endothelial cells, 
whereas epicatechin and epigallocatechin were without effect (Auger et al., 
2010b), indicating that the gallate moiety on position C3 is critical for the 
stimulatory effect of tea catechins on eNOS. In addition, the degree of 
hydroxylation of catechins appears to be another important factor regulating 
eNOS activation. Indeed, the methoxylation of all hydroxyl functions except 
those on the gallate moiety of EGCg resulted in a partial reduction of eNOS 
activation, whereas the replacement of all hydroxyl functions by methoxyl 
functions resulted in the total loss of the biological activity. Edirisinghe et al. 
(2008a) have also reported that methoxylation of all hydroxyl functions of 
phenolic compounds in a grape seed extract abolished its ability to activate 
eNOS. Altogether, these findings indicate that hydroxyl functions on 
the polyphenolic structure are required to activate eNOS in response to 
polyphenols. 

In addition, the methoxylation of all hydroxyl functions on EGCg is 
associated with the loss of their ability to simulate ROS formation in endo- 
thelial cells (Auger et al., 2010b). Thus, it has been suggested that hydroxyl 
functions are necessary for the production of ROS in endothelial cells possi- 
bly due to the auto-oxidation of the phenolic structures, a process where a 



Polyphenols and Endothelial NO and EDHF I 6 I 

group of two ortho hydroxyl functions provides through a two-step 
oxidation process first a semi-quinone and, then, a quinone (Fig. 2; Sang 
et al., 2007). Each step of oxidation will generate superoxide anions (Hou 
et al., 2005). Auto-oxidation of EGCg has been reported to occur in vitro, 
both in cultured cells and in some physiological solutions, generating either 
an EGCg quinone or various dimeric structures like theasinensins (Hong 
et al., 2002; Hou et al., 2005; Sang et al, 2007). 



III. Polyphenols and Endothelial Function In Vivo 



One of the major limitations of in vitro and ex vivo studies is the fact that 
most of the phenolic compounds applied on cells and artery rings are not the 
circulating form that have been identified after oral absorption. Indeed, most 
polyphenols found in food sources are not circulating in blood in their intact 
form but rather in the form of metabolites or catabolites. For example, in 
intestinal and hepatic cells, anthocyanins are metabolized into glucuronides, 
methyl, and sulfo-conjugates (Aprikian et al., 2003; Mullen et al., 2008). 
However, some polyphenols may also be absorbed in the intact form like 
procyanidin oligomers that have been identified in blood and urine in intact 
form following ingestion of a procyanidin-rich grape seed extract by humans 
and rats (Sano et al., 2003; Tsang et al., 2005). Moreover, they have been 
shown to reach the nanomolar range in human plasma after consumption of 
procyanidins-rich cocoa and grape seeds (Holt et al., 2002; Sano et al., 
2003). Similarly, anthocyanins seem also to have a low absorption and 
bioavailability (Manach et al., 2005). 

Recent studies indicate that compounds unabsorbed in the small 
intestine may reach the large intestine where they can be catabolized by the 
microflora into small ring fission products and that these small phenolic acids 
can then be directly absorbed (Del Rio et al., 2009). In addition, fermentation 
studies showed that monomeric flavan-3-ols, procyanidin dimers, and antho- 
cyanins may produce various small phenolic acids, namely hydroxyphenyla- 
cetic and hydroxycarboxylic acids, when exposed to human fecal microflora 
action in fermentation reactors (Appeldoorn et al., 2009; Aura et al., 2005; 
Deprez et al, 2000; Fleschhut et al., 2006; Tsuda et al, 1999; van't Slot & 
Humpf, 2009). Indeed, Tsuda et al. have shown that protocatechuic acid is 
found in plasma after oral absorption of cyanidin-3-glucoside by rats (Tsuda 
et al., 1999). 

Altogether, these data suggest that despite the apparent low 
absorption of flavonoids, the absorption of smaller phenolic acid catabolites 
may increase strongly the bioavailability of flavonoid compounds. 
However, the biological activity of the circulating flavonoid metabolites 
and catabolites remains to be assessed, especially regarding their ability to 
activate eNOS. 
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A. Experimental Animal Models 

Since polyphenols can induce activation of the formation of NO 
and EDHF-mediated responses, they may exert beneficial effects on the 
endothelial function in vivo. As endothelial dysfunction is associated with 
hypertension, the evaluation of the protective effect of polyphenols has 
mostly been assessed in experimental models of hypertension. 

Several studies have reported reduction of blood pressure after intake of 
polyphenol-rich products in various experimental models of hypertension in- 
cluding the spontaneously hypertensive rat, the N G -nitro L-arginine-induced 
hypertension, the DOCA salt-induced hypertension, and the angiotensin II- 
induced hypertension in rats (Tables II-IV). As an example, blood pressure 
reduction has been reported after ingestion by spontaneously hypertensive rats 
of polyphenols in the form of grape seed extract (Peng et al, 2005), red wine 
(Machha & Mustafa, 2005), green and black tea extracts (Negishi et al., 2004), 
azuki bean extract (Mukai & Sato, 2009), and blueberry (Shaughnessy et al., 
2009). Moreover, Cienfuegos-Jovellanos et al. (2009) recently demonstrated 
that a polyphenol-rich cocoa powder (up to 300 mg/kg body weight) in the 
spontaneously hypertensive rat reduced blood pressure similarly to 50 mg/kg of 
captopril, an angiotensin converting enzyme inhibitor (Cienfuegos-Jovellanos 
et al, 2009). A similar blood pressure lowering effect has been reported with red 
wine in experimental models of hypertension including the DOCA salt-induced 
hypertension (Jimenez et al., 2007), the N G -nitro L-arginine-induced hyperten- 
sion (Bernatova et al., 2002; de Moura et al., 2004; Pechanova et al., 2004), and 
the angiotensin II-induced hypertension in rats (Sarr et al., 2006). 

Several blood-lowering effects have also been reported after chronic 
ingestion by spontaneously hypertensive rats of isolated polyphenolic com- 
pounds such as 200 mg/kg/day of EGCg (Potenza et al., 2007), 10 mg/kg/day 
of baicalein (Machha et al., 2005), 0.5% of chlorogenic acid (Suzuki et al., 
2006), 10 mg/kg/day of quercetin (Sanchez et al., 2006), and 10 mg/kg/day 
of genistein (Vera et al., 2007). 

Altogether, these experimental studies indicate that ingestion of several 
polyphenol-rich products is associated with a beneficial effect in several 
experimental models of hypertension. 

B. Humans 

In humans, impaired endothelial function assessed by FMD has been 
shown to be an independent predictor of cardiovascular outcomes in subjects 
with cardiovascular risk factors or established CVDs (Yeboah et al., 2007). 
Therefore, the effect of dietary intake of polyphenols has been often evalu- 
ated on FMD as well as on blood pressure in humans. 

In healthy subjects, the basal FMD has been increased after consumption 
of 3 ml/kg or two glasses of red wine with or without alcohol ( Agewall et al., 
2000; Djousse et al., 1999; Karatzi et al., 2004). The same effect has been 
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reported after consumption of a single dose of 46 g of dark chocolate (Engler 
et al., 2004). Schroeter et al. (2006) suggested that the effect of dark choco- 
late is related to its content in epicatechin, and demonstrated that ingestion of 
a low dose of purified epicatechin (1 or 2 mg/kg body weight) similarly 
increased basal FMD (Schroeter et al, 2006). It also has been reported that 
chronic consumption of the procyanidin-rich maritime pine bark extract 
Pycnogenol® (180mg/day for 2 weeks) increased NO-mediated forearm 
blood flow to acetylcholine in healthy subjects (Nishioka et al., 2007). 

More interestingly, polyphenol-rich sources may also exert beneficial 
effects on endothelial function under pathophysiological conditions associated 
with endothelial dysfunction (Tables I and II). For example, Duffy et al. (2001) 
indicated that in patients with coronary artery disease, FMD is increased either 
after consumption of a single 450 ml dose of black tea or after chronic daily 
ingestion of 900 ml of black tea for 8 weeks. A similar effect has been observed 
after ingestion of a single dose of either 300 mg of the EGCg-rich green tea 
extract Teavigo® (Widlansky et al, 2007) or 600 mg of a red grape extract 
(Lekakis et al, 2005). Chronic consumption of pomegranate juice (50 ml daily 
for a year) also reduced systolic blood and the intima-media thickness in patients 
with severe carotid artery stenosis ( Aviram et al., 2004). Increased FMD has also 
been reported after dark chocolate ingestion in habitual smokers and over- 
weight subjects, and after red wine consumption in hypercholesterolemic 
patients (Coimbra et al., 2005; Faridi et al, 2008; Hermann et al., 2006). Hall 
et al. (2008) also reported that supplementation of a low-fat meal with 80 mg of 
soybean isoflavones increased FMD in postmenopausal women, a population 
with increased risk of CVDs. 

Moreover, consumption of polyphenol-rich sources may decrease blood 
pressure in hypertensive patients. Indeed, Taubert et al. (2003) showed that 
daily ingestion of 100 g of dark chocolate for 2 weeks reduced systolic and 
diastolic blood pressure in mildly hypertensive patients. Park et al. (2004) 
also showed improvement of blood pressure in hypertensive patients after 
intake of 5.5 ml/kg/day of purple grape juice, roughly equivalent to two 
glasses, for 8 weeks. In addition, Aviram et al. showed that daily consump- 
tion of 50 ml of pomegranate juice for 2 weeks by hypertensive patients 
reduced systolic blood pressure by 5% (Aviram & Dornfeld, 2001). 

Taken together, these studies suggest that chronic consumption of 
polyphenol-rich sources has a beneficial effect on the endothelial function 
both in physiological and in pathophysiological conditions. 



IV. Conclusion 



The aim of this review was to present the experimental and clinical 
evidence indicating that several rich natural sources of polyphenols are able 
to enhance endothelial vasoprotective mechanisms including NO formation 
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and EDHF-mediated relaxations both in vitro and in vivo as well as in 
normal and pathological conditions. However, additional investigations are 
crucially warranted to identify polyphenol-rich sources with a high vasopro- 
tective activity, to determine the bioavailability and metabolism of polyphe- 
nols, as well as to characterize the molecular mechanisms involved in the 
endothelial vasoprotective mechanisms and the structure/activity relation- 
ship. Such information will help to better understand the potential of poly- 
phenols to protect the vascular system in health and disease. 

Conflict of Interest: The authors have no conflicts of interest to declare. 



Abbreviations 



EGCG epigallocatechin gallate 

PEG-catalase polyethylene glycol catalase 

PEG-SOD polyethylene glycol-SOD 

RWPs red wine polyphenols 
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Organic Nitrates and Nitrate 
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Abstract 



The hemodynamic and antiischemic effects of nitroglycerin (GTN) are 
lost upon chronic administration due to the rapid development of nitrate 
tolerance. The mechanism of this phenomenon has puzzled several genera- 
tions of scientists, but recent findings have led to novel hypotheses. The 
formation of reactive oxygen and nitrogen species in the mitochondria and 
the subsequent inhibition of the nitrate-bioactivating enzyme mitochondrial 
aldehyde dehydrogenase (ALDH-2) appear to play a central role, at least for 
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GTN, that is, bioactivated by ALDH-2. Importantly, these findings provide 
the opportunity to reconcile the two "traditional" hypotheses of nitrate 
tolerance, that is, the one postulating a decreased bioactivation and the 
concurrent one suggesting a role of oxidative stress. Furthermore, recent 
animal and human experimental studies suggest that the organic nitrates 
are not a homogeneous group but demonstrate a broad diversity with regard 
to induction of vascular dysfunction, oxidative stress, and other side effects. 
In the past, attempts to avoid nitrate-induced side effects have focused on 
administration schedules that would allow a "nitrate-free interval"; in the 
future, the role of co-therapies with antioxidant compounds and of activation 
of endogeneous protective pathways such as the heme oxygenase 1 (HO-1) 
will need to be explored. However, the development of new nitrates, for 
example, tolerance-free aminoalkyl nitrates or combination of nitrate groups 
with established cardiovascular drugs like ACE inhibitors or ATx -receptor 
blockers (hybrid molecules) may be of great clinical interest. 



I. Introduction 



A. Mechanism of Organic Nitrate-Mediated Vasodilation 

Organic nitrates belong to the class of the nitrovasodilators and are 
frequently used in the treatment of stable angina pectoris (Abrams, 1995). 
The impact of these drugs on cardiac preload and the subsequent reduction in 
cardiac oxygen consumption are thought to play a central role in the improve- 
ment in exercise tolerance associated with the treatment with these drugs. 
Moreover, organic nitrates are also employed in adjunct (or alternative) of 
angiotensin converting enzyme inhibitors for the treatment of chronic heart 
failure (isosorbide dinitrate (ISDN)/hydralazine) (Taylor et al., 2004). Anec- 
dotal evidence points out that also pentaerithrityl tetranitrate (PETN) might 
be useful in this setting (Gori & Munzel, 2009). As well, the coronary 
vasodilatory properties of nitrates, and a mild antiaggregant effect, explain 
their benefit in the setting of acute coronary syndromes such as unstable 
angina and myocardial infarction. Their principle of action is based on an 
enzymatic bioactivation process with subsequent formation of nitric oxide 
(NO) or a related species (RSNO or NO-metal-complex), which results in the 
activation of soluble guanylyl cyclase (sGC) and increase in the second 
messenger cGMP, in turn leading to vasodilation (Fig. 1; Katsuki et al., 
1977a, 1977b). Although the direct formation of NO from nitrates seems 
to be an attractive and widely accepted explanation for nitrate-induced 
vasodilation (Ignarro, 1989), this concept was challenged by two independent 
studies demonstrating an almost 100-fold discrepancy between glyceryl 
trinitrate (GTN)-evoked NO formation and vasodilation, whereas for 
ISMN, there was a direct correlation between these parameters (Kleschyov 
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FIGURE I Mechanism of organic nitrate-mediated vasodilation via the NO/cGMP cascade. 
The functionality of this signaling pathway can be determined in each single step: nitric oxide 
(NO) formation can be assessed by electron paramagnetic resonance (EPR) as a stable paramag- 
netic iron complex (NO-Fe(DETC>2) or by the nitrite/nitrate ratio; the activity state of soluble 
guanylyl cyclase (sGC) can be measured by its expression using Western blotting or by cyclic 
guanosin-3',5'-monophosphate (cGMP) using radioimmunoassay (RIA) or with a nonradioac- 
tive enzymatic immunoassay (EIA); cGMP-dependent kinase (cGK-1) level can be assessed by 
Western blotting and its activity via phosphorylation of the vasodilator-stimulated phosphopro- 
tein (VASP, one of the substrates of cGK-I) at serine 239 using Western blotting. The most 
important parameter in this signaling cascade represents the vascular function (or hemodynamic 
parameters), which is measured by isometric tension recordings using isolated vessel segments in 
organ chambers. 



et al., 2003; Nunez et al., 2005). Thus, it appears that at least GTN-induced 
vasodilation might be mediated by an NO-related species, rather than NO 
itself. A detailed discussion on the identity of the vasodilating species, which 
might be formed by organic nitrates, was provided in previous review articles 
(Daiber et al, 2008; Munzel et al., 2005). 



B. Clinical Trials 

While GTN and other nitrates are widely employed in the therapy and 
prevention of stable angina, the large clinical trials in the setting of myocar- 
dial infarction (GISSI-3 for GTN and ISIS-4 for isosorbide-5-mononitrate 
(ISMN)) conducted 15 years ago revealed only mild effects on mortality and 
prognosis of coronary artery disease (CAD) patients (Table I). In line with 
these findings, guidelines suggest that organic nitrates should be used only for 



TABLE I 



Partial List of Clinical Trials on the Therapy with Organic Nitrates 



Name of 


Source 


Patients 


Nitrate dose 




Time interval 


Placebo 


Prognosis 


Limitations/ hub-studies 


the trial 




(with nitrate) 








random 






GISSI-3 


(GISSI-3, 1994)" 


19,394 (9000) 


GTNlOmg/d 




24 h i.v. 
6 w t.d. 


Yes 
Yes 


n.s. (T) 


GTN + ACE less death 


ISIS-4 


(ISIS-4, 1995) fc 


58,050 (29,018) 


ISMN 30-60 m : 


g/ml 


4 weeks 
p.o. 


Yes 
Yes 


n.s. (T) 


None 


Nakamura 


Nakamura etal. (1999) 


-2800 (476) 






} 


j 


I 


Retrospective 


Ishikawa 


Ishikawa et al. (1996) 


1002 (621) 


ISDN: 40 mg/d 
GTN: 25 mg/d 




18 months 
p.o. or t.d. 
t.d. 
p.o. or t.d. 


No 
Yes 


1 


Nitrates also in Ctr 


Kanamasa 


Kanamasa et al. (2002) 


1291 (713) 


ISMN: 40-60 rr 


ig/d 


No 


n.s. (t.d.) 


Nitrates also in Ctr 








GTN: 25 mg/d 




17 months t.d. 


Yes 


1 (p.o.) 










ISMN/GTN 




p.o. and t.d. 




[ (comb.) 




Taylor A-HefT 


Taylor et al. (2004) 


1050(518) 


ISDN: 20-120 mg/d 


18 months 


Yes 


T 


Only Afro-Americans 








Hydralazine: 




p.o. 


Yes 












38-225 mg/d 












GRACE 


Ambrosio et al. (2010) 


52,693 (10,555) 


} 

? 




} 

3 


~~ 


1 


MI damage reduced 



i.v., intravenous; t.d., transdermal; p.o., per oral; n.s., not significant; |, better; j, worse. 

" "GISSI-3: effects of lisinopril and transdermal glyceryl trinitrate singly and together on 6-week mortality and ventricular function after acute myocardial infarction. 

Gruppo Italiano per lo Studio della Sopravvivenza nell'infarto Miocardico," 1994. 

"ISIS-4: a randomized factorial trial assessing early oral captopril, oral mononitrate, and intravenous magnesium sulfate in 58,050 patients with suspected acute 

myocardial infarction. ISIS-4 (Fourth International Study of Infarct Survival) Collaborative Group," 1995). 
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the relief of angina in patients with CAD who are refractory to other 
therapies (e.g., p-blocker, calcium-channel antagonists, etc.; Fraker et al., 
2007). In addition, the introduction of newer antianginal medications such as 
ranolazine or aliskiren and ivabradine will likely lead to a further reduction 
of the use of organic nitrates in the next years. While the above large trials did 
not show a significant impact of short-term therapy with organic nitrates (or 
metaanalysis), the effects of long-term nitrate therapy remain less well inves- 
tigated. Nitrates were developed and approved at a time when large-scale, 
long-term, randomized trials were not required, and the absence of patent 
rights on these medications does not encourage any industry to finance a 
large-scale clinical trial. Evidence to date emphasizes the importance of such 
a trial, as smaller trials have pointed out potential deleterious effects of this 
therapy: studies in healthy volunteers have demonstrated that nitroglycerin 
and other nitrates, with the possible exception of PETN, cause endothelial 
and autonomic dysfunction, and paradoxical coronary vasoconstriction 
(Caramori et al., 1998; Gori et al., 2002, 2003a; Schulz et al., 2002). 
In line with these findings, two clinical trials and a metaanalysis showed a 
trend toward an increase in mortality under nitrate therapy (Table I). Al- 
though the limitations of these studies need to be acknowledged (lack of a 
double-blind design and a placebo control, use of nitrates in formulations 
different from those currently employed in Western countries), these data 
definitely suggest that the use of nitrates should not be considered absolutely 
deprived of potentially important side effects. However, studies have shown 
that nitrates, at least acutely, have protective properties that mimic those 
of ischemic preconditioning (for review see Gori & Parker, 2008). 
These observations suggest that nitrates might have previously unexpected 
nonhemodynamic properties that might be associated with an increased 
tolerability toward ischemia and reperfusion damage. Although it needs 
to be emphasized that these data are very preliminary and large trials 
will also be necessary to test whether these effects might have clinical impli- 
cations, a recent post hoc analysis of the GRACE trial emphasized that 
nitrate therapy is associated with a reduction of ST elevation myocardial 
infarctions and a shift toward clinically more favorable non-ST elevation 
myocardial infarctions, and with lesser release of markers of cardiac necrosis 
(Ambrosio et al., 2010). 

In the setting of congestive heart failure, the impact of nitrate therapy 
appears to be more clear. In this setting, the administration of organic 
nitrates might reduce cardiac work by a reduction in right ventricular filling 
pressure. The combination of this effect with the predominantly arterial- 
vasodilator effect of hydralazine, which reduces cardiac afterload, has been 
associated with an increased cardiac output and improved remodeling in 
patients with impaired systolic function (Elkayam &c Bitar, 2005). While 
these studies have almost exclusively employed ISDN, recent anecdotic evi- 
dence points out that also PETN might offer such benefit (Gori & Munzel, 
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2009). A dramatic reduction in mortality of Afro-Americans with severe 
chronic heart failure was observed with the ISDN/hydralazine combination 
therapy (A-HefT, Table I). Of note, along with its arterial-vasodilator effects, 
hydralazine has potent antioxidant properties, which might concur to 
explain the benefit of this combination therapy in congestive heart failure 
patients. 

Thus, despite large clinical use for more than a century and definitive 
evidence of a benefit in congestive heart failure patients, the impact of organic 
nitrates on the prognosis of patients with CAD remains under discussion. To 
the best of our knowledge, the only larg(er) study currently ongoing is the 
CLEOPATRA trial (Clinical efficacy of Pentalong® in stable angina patients 
after 12 weeks of routine administration), a multicentric, randomized, dou- 
ble-blind, and placebo-controlled phase-Ill study enrolling 778 patients with 
stable Angina pectoris. Further studies employing the other nitrates will be 
needed in the future years. Finally, interest has been shown in the impact of 
nitrate therapy on (secondary) pulmonary hypertension, and the rando- 
mized, placebo-controlled CAESAR study (Clinical efficacy study of Penta- 
long for pulmonary hypertension in heart failure) will test the the efficacy and 
safety of PETN in this setting. 



II. The Phenomenon of Nitrate Tolerance 



A. Clinical Nitrate Tolerance 

In 1888, Stewart and coworkers described for the first time the phenom- 
enon of nitrate tolerance as a loss of the hemodynamic effect of GTN (or a 
requirement for higher dosages to maintain the hemodynamic effect of the 
drug) in patients undergoing chronic therapy (Stewart, 1888). The develop- 
ment of nitrate tolerance represents a severe limitation for the prolonged 
therapy of diseases that are by definition chronic (an overview is given in 
Elkayam, 1991; Abrams, 1988). To date, the best way around this problem 
has been to recommend that patients receive eccentric (rather than continu- 
ous) therapy, that is, administration schedules allowing a > 12 h nitrate-free 
interval (for review, see Parker & Parker, 1998). These strategies do not 
appear to be devoid of problems: while intermittent administration over- 
comes the problem of tolerance, it also leaves patients "unprotected" for 
large time intervals. Paradoxically, indeed, the incidence of ischemia appears 
to be higher in nitrate-off hours in patients undergoing intermittent therapy 
(a phenomenon known as rebound ischemia), counterbalancing the benefi- 
cial effect of the drug during nitrate-on hours. The mechanisms underlying 
nitrate tolerance are not fully understood and involve a number of different 
factors (Fig. 2). For GTN-induced nitrate tolerance, one relevant mechanism 
may be the impaired bioactivation of GTN itself (Chung & Fung, 1992; 
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FIGURE 2 Vasodilation by nitroglycerin (GTN). GTN bioactivation to NO or a related 
species with subsequent activation of soluble guanylyl cyclase (sGC) and smooth muscle relaxa- 
tion. Mechanisms underlying induction of vascular dysfunction by GTN via induction 
of mitochondrial and NADPH oxidase-dependent oxidative stress leading to uncoupling of 
eNOS and desensitization of sGC. Adapted from Gori et al. (2008). With permission of the 
Wissenschaftliche Verlagsgesellschaft Stuttgart. 




Fung, 2004). Other mechanisms involve neurohumoral adaption processes 
such as the increase in plasma volume, activation of the renin-angiotensin- 
aldosterone system (RAAS) and increases in plasma levels of vasoconstrictors 
(e.g., vasopressin and catecholamines; Munzel et al., 1995a, 2005). These 
mechanisms might result from counterregulatory responses of the organism, 
overcoming the sustained vasodilation by the organic nitrate and the decrease 
in cardiac preload by these drugs. A phenomenon, associated to nitrate 
tolerance is the cross-tolerance toward other nitrovasodilators but also 
endothelium-dependent (endogenous) vasodilators such as acetylcholine 
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(= endothelial dysfunction). This was most frequently observed when GTN 
was administrated chronically in vivo (Sage et al., 2000; Schulz et al., 2002) 
and is only present to a minor extent when in vitro tolerance (tachyphylaxis 1 ) 
was induced by short-term bolus challenges with GTN. These latter condi- 
tions may be criticized since they are based on supra-pharmacological con- 
centrations of the drug and do not necessarily reflect the clinical situation. 
The cross-tolerance may, at least in part, be based on changes in the sGC 
activity (desensitization), the target enzyme of NO, although chronic treat- 
ment with GTN rather increases the expression of sGC (Mulsch et al., 2001). 
But also differences in the activity of the cGMP-degrading phosphodies- 
terases may contribute to nitrate tolerance (Silver et al., 1998). The processes 
that contribute to nitrate tolerance and endothelial dysfunction in response 
to organic nitrates are discussed in detail in previous reviews (Daiber et al., 
2008; Munzel et al., 2005). Clinical nitrate tolerance is most pronounced 
under long-term GTN therapy (Sage et al., 2000; Schulz et al., 2002), 
whereas ISMN and ISDN (as well as GTN) rather trigger endothelial dys- 
function (Sekiya et al., 2005; Thomas et al., 2007) and to some minor extent, 
depending on the doses, nitrate tolerance (Nordlander & Walter, 1994; 
Parker et al., 1983; Tauchert et al., 1983; Thadani et al, 1980). Finally, 
PETN appears to be devoid of both phenomena (Gori et al., 2003a; Jurt 
et al., 2001; Tables II and III, Fig. 3). In this list, we only paid attention to 
human studies. Numerous animal experimental studies support these clinical 
data and were summarized in previous review articles (Daiber et al., 2008, 
2009a; Fayers et al., 2003; Johnston, 1998; Munzel et al., 2005). 

B. In Vitro Nitrate Tolerance (Tachyphylaxis) 

Under experimental conditions (with isolated vessels), PETN induces the 
most pronounced tolerance, followed by GTN and PETriN, whereas the di- 
and mononitrates induced no or only minor tachyphylaxis (Table III). In vitro 
tolerance (tachyphylaxis) may be quantified by the ratio of half-maximal 
relaxation concentration (EC 50 ) in tolerant to nontolerant vessel segments, 
the higher the ratio (EC 50 [tolerant]/EC 50 [nontolerant]) the higher the poten- 
cy of a given organic nitrate (or a nitrovasodilator) to induce in vitro tolerance 
(tachyphylaxis) (Koenig et al., 2007). The order for in vitro tolerance induc- 
tion PETN > GTN = PETriN > ISDN > ISMN was not observed for in vivo 
treatment since other aspects contribute to overall induction of tolerance 
(e.g., pharmacokinetics, induction of intrinsic protective but also counter- 
regulatory pathways). In vitro, tolerance is mainly based on a overcharge and 
desensitization of the nitrate-bioactivating system by supra-pharmacological 



Nitrate tachyphylaxis may develop in vivo and in vitro and represents the fast onset of nitrate 
tolerance in response to repeated or high bolus administration. 



TABLE II Representative Clinical-Experimental Studies on the Induction of Nitrate Tolerance and Endothelial Dysfunction 



Source Patients Nitrate dose Time interval Placebo Assessment of endothelial function Tolerance/endotbelial 

volunteers random dysfunction 



Sage et al. (2000) 


30 


GTN 10 ug/min 


24 h i.v. 


Yes 
Yes 


Jurtetal. (2001) 


30 


PETN 240 mg/d 


24 h p.o. 


Yes 






GTN 0.6 mg/h 


24 h t.d. 


Yes 


Schulz et al. (2002) 


71 


GTN 0.5 ug/kg/min 


24-48 h i.v. 


Yes 
Yes 


Gori et al. (2003a) 


28 


PETN 240 mg/d 


6d p.o. 


Yes 






GTN 0.6 mg/h 


6d t.d. 


Yes 


Sekiya et al. (2005) 


54 


ISDN 40 mg/d 


3 months 


Yes 
Yes 


Thomas et al. (2007) 


26 


ISMN 120 mg/d 


7d p.o. 


Yes 
Yes 


Hink et al. (2007) 


50 


GTN 2.3 mg/h 


24 h i.v. 


Yes 
Yes 


Schnorbus et al. (2009) 


80 


PETN 240 mg/d 


8 weeks p.o. 


Yes 
Yes 



Isom. tension recording with 

bypass vessels 
Forearm plethysmography 

Isom. tension recording with 

bypass vessels 
Forearm plethysmography 

Forearm FMD 

Forearm plethysmography 

Isom. tension recording with 

bypass vessels 
Forearm FMD/NMD 



Yes/n.d. 

PETN no/n.d. 
GTN yes/n.d. 
Yes/yes 

PETN n.d./no 
GTN n.d./yes 
n.d./yes 

n.d./yes 

Yes/yes 

No/no 



i.v., intravenous; t.d., transdermal; p.o., per oral; FMD, flow-mediated dilation, NMD, nitroglycerin-mediated dilation; n.d., not determined. 



I 86 Daiber et al. 

TABLE III f>D 2 Values for Different Organic Nitrates in Control and Tolerant Vessels 
(Koenig et al., 2007) 



Vasodilator 



Structure 



EC S0 (M) EC S0 (M) £C 50 

control tolerant (tolerant)/ 

vessel vessel EC50 

(nontolerant) (control) 



PETN (pentaerithrityl 
tetranitrate) 



-0N0 
-ONO, 



2 6.67 xlO - * 1.02 xl0~ 7 15.3 



PETriN (pentaerithrityl 
trinitrate) 



0,NO- 



" 0N0 2 3.55 xl0~ 8 4.00 xl0~ 7 11.3 
-OH 



0,NO 



PEDN (pentaerithrityl 

dinitrate) 2 NO 



0,NO 



PEMN (pentaerithrityl 

mononitrate) H 




2.34 xl0~ 6 3.07xl0~ 6 1.3 



5.32x10^ 7.23x10"' 1.4 



GTN (glyceryl trinitrate) C j N ° 2 2.21 x 10~ 8 2.58 xl0~ 7 11.7 



ISDN (isosorbide 


0-^ <^ 


dinitrate) 


O 2 N0 


ISMN (isosorbide-5- 


ON 


mononitrate) 


VLo> 

HO 


SNAP (S-nitroso-N- 


jKk 


acetyl-DL- 
penicillamine) 


II Y 



4.96 xl0~ 7 6.20 xl0~ 7 1.3 



EC50, concentration that evokes half-maximal relaxation. 



concentrations of the organic nitrate (e.g., desensitization of the ALDH-2). 
Most surprisingly, chronic PETN in vivo therapy demonstrated no tolerance 
induction at all (Fink & Bassenge, 1997; Wenzel et al., 2007b), whereas GTN, 
ISDN, and ISMN induced tolerance and endothelial dysfunction (Daiber 
et al., 2008; Table II). It should be noted that some previous studies have 
also reported that ISMN does not induce endothelial dysfunction and only 
moderate tolerance (Kojda et al., 1995; Muller et al., 2003, 2004). One 
should pay attention to the fact that PETN at high bolus concentrations 
in vitro also causes development of tolerance, which is similar to the one 
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187 



PETN 
(240mg/dfor6d) 




GTN 

(0.6mg/h 

for6d) 



NaCI 



30|xg/min 



7.5 15 

Acetylcholine dose 

FIGURE 3 Basal forearm-blood flow (FBF) and acetylcholine (ACh)-responses to increasing 
ACh infusion doses in GTN and PETN-treated volunteers. FBF was measured by the forearm 
plethysmography technique, which is regarded as an indicator of endothelial function and 
dysfunction. Impaired response of FBF to ACh or even paradoxic vasoconstriction indicates 
endothelial dysfunction. The ACh-responses in the PETN (dark/right)-treated group are much 
more pronounced as compared to the GTN (light/left)-treated group. Adapted from Gori et al. 
(2003a). With permission of Elsevier. 



observed with GTN (Daiber et al., 2004c; Koenig et al., 2007). The protective 
profile of PETN and lack of tolerance induction are mainly based on the 
activation of protective genes (Oberle et al., 2003; Pautz et al., 2009; 
Wenzel et al., 2007b) as well as on a slow, controlled uptake of this nitrate 
in the intestinal duct avoiding an overload of the bioactivating system (Koenig 
et al., 2007). Clearly, even more complicated is the situation upon acute 
in vivo administration of organic nitrates. In the latter case, mechanisms of 
in vivo and in vitro tolerance may be mixed and the pharmacokinetics of the 
different nitrates play a central role in determining the hemodynamic effects of 
the drugs and the development of nitrate tolerance (Wenzel et al., 2009). 



III. Oxidative Stress 



A. The Oxidative Stress Concept and 
Endothelial Dysfunction 

The nitrate tolerance induced by chronic GTN therapy is a complex and 
multifactorial phenomenon (Fig. 2). The oxidative stress hypothesis, which was 
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postulated by Miinzel and coworkers (Munzel et al., 1995c) and was refined 
during the past years (Daiber et al., 2008), provides an attractive explanation 
for this phenomenon. In essence, the oxidative stress hypothesis is based on an 
increased formation of superoxide and peroxynitrite under chronic nitrate 
therapy (Fig. 2). Superoxide reacts with NO and thereby reduces NO bioavail- 
ability. The resulting peroxynitrite leads to uncoupling (loss of activity) of the 
endothelial NO synthase (eNOS) and an impaired NO/cGMP signaling. Besides 
this pathway, nitration and inhibition of prostacyclin synthase (suppressing the 
generation of another important vasodilator) as well as oxidative inactivation 
of the ALDH-2 may represent other essential key events in the development of 
nitrate tolerance (Hink et al., 2003; Sydow et al., 2004). The most feasible 
explanation for the development of endothelial dysfunction (cross-tolerance) is 
that the formation of reactive oxygen species (ROS) and peroxynitrite leads to 
uncoupling of eNOS via oxidative depletion of the cof actor tetrahydrobiopterin 
(BH 4 ) or a direct oxidative modification resulting in inhibition of the enzyme 
(Munzel et al., 2005; Schulz et al., 2008). This concept was challenged by a 
recent report by Mayer and coworkers providing evidence that GTN treatment 
does not cause BH 4 depletion (neither in cell culture nor in in vivo) but rather 
causes superoxide formation (Schmidt et al., 2010). In the uncoupled state, 
eNOS does not generate NO but superoxide instead, resulting in a vicious circle 
of oxidative stress. This may be a possible explanation for GTN-induced cross- 
tolerance to other vasodilators. Uncoupling of eNOS and impairment of NO/ 
cGMP signaling lead to clinically relevant endothelial dysfunction as observed 
in healthy volunteers upon chronic therapy with GTN, ISDN, or ISMN (Daiber 
et al., 2008). The idea of an uncoupled eNOS in GTN-induced nitrate tolerance 
was based on the observations that in endothelium-denuded tolerant vessels, 
the potency of GTN was largely improved and superoxide formation in these 
vessels was significantly reduced in denuded vessels (Munzel et al., 1995c). 
Pharmacological inhibition of eNOS in tolerant vessels decreased superoxide 
formation (Munzel et al., 2000) and FBF in GTN-treated volunteers was 
improved by folic acid (Gori et al., 2001). Finally, BH 4 levels in vessels from 
tolerant rabbits were significantly decreased (Ikejima et al., 2008). 

B. Sources of Oxidative Stress 

Several other sources of oxidative stress were discussed to contribute to 
nitrate tolerance such as NADPH oxidases (Fukatsu et al., 2007; Kurz et al., 
1999; Munzel et al., 1995b) and the mitochondrial respiratory chain, which 
were identified as essential contributors to overall oxidative stress and devel- 
opment of tolerance under chronic and acute nitrate treatment (Daiber et al., 
2004c, 2005c; Sydow et al., 2004). The essential role of mitochondrial 
superoxide formation for the development of nitrate tolerance was demon- 
strated in a murine genetic model of heterozygous manganese superoxide 
dismutase (MnSOD, SOD2, the mitochondrial isoform), where the 50% 
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deficiency in MnSOD significantly increased the susceptibility of the mice for 
development of nitrate tolerance but also endothelial dysfunction (Daiber 
et al., 2005c). Further support for mitochondrial oxidative stress as a trigger 
of nitrate tolerance came from a study using mitochondria-targeted antiox- 
idants to prevent GTN-induced tolerance (Esplugues et al., 2006). Of note, 
the concept of a role for mitochondrial GTN-driven RONS formation revives 
the "thiol oxidation" concept of Needleman and coworkers (Jakschik & 
Needleman, 1973; Needleman et al., 1973). These authors have also observed 
severe effects of organic nitrates on isolated mitochondria such as swelling 
and alterations of mitochondrial respiration (Needleman & Hunter, 1966). 
We would like to add an important note: the redox-sensitive enzyme mito- 
chondrial aldehyde dehydrogenase (ALDH-2) is responsible for the high- 
affinity bioactivation pathway of GTN (Chen et al., 2002) as well as of 
PETN (Wenzel et al, 2007c). Since treatment with GTN results in increased 
mitochondrial oxidative stress one may assume that ALDH-2 will be inacti- 
vated in response to sustained GTN therapy (Sydow et al., 2004). These 
observations provide a new link between nitrate-induced oxidative stress and 
impaired nitrate bioactivation. Induction of oxidative stress is most pro- 
nounced under chronic GTN therapy, and NADPH oxidases and mitochon- 
dria are active sources of oxidative stress in the setting of GTN-induced nitrate 
tolerance (Daiber et al., 2008; Wenzel et al., 2008a). In contrast, ISDN and 
ISMN treatment do not significantly increase mitochondrial RONS but trigger 
activation of NADPH (Table IV; Schuhmacher et al, 2010; Thum et al, 
2007). However, also this concept was challenged by reports on the lack of 
effect of diphenylene iodonium (DPI) on nitrate-induced oxidative stress (Ratz 
et al., 2000b), the lack of effect of inhibiting the endogenous superoxide 
dismutase with diethyldithiocarbamic acid (DETCA) on impaired GTN poten- 
cy (Sage et al, 2000) and discrepancies between nitrate tolerance and ascor- 
bate deficiency (Wenzl et al., 2009b; Wolkart et al., 2008). So far, only chronic 
therapy with the organic nitrate PETN was found to be devoid of endothelial 
dysfunction, tolerance, and oxidative stress. Tables II and IV describe the 
results of human studies (animal experimental studies resulted in quite similar 
findings and were summarized in previous review articles (Daiber et al., 2008, 
2009a; Munzel et al., 2005) and a book (Daiber & Munzel, 2006)). 

C. Reactive Oxygen and Nitrogen Species 

The formation of superoxide in GTN-induced nitrate tolerance was first 
reported by Munzel and coworkers and attributed to a membrane-bound 
NADH oxidase (Munzel & Harrison, 1997; Munzel et al., 1995c, 1996b). 
The involvement of superoxide was evident from observations that liposomal 
superoxide dismutase improved vascular function in tolerant vessels (Munzel 
et al., 1995c, 1996b). Moreover, a number of superoxide scavengers were 
effective in improving the adverse effects of GTN treatment (Daiber et al., 



TABLE IV Representative Clinical-Experimental Studies on the Induction of Oxidative Stress Under Nitrate Therapy 



Source 


Patients 
volunteers 


Nitrate dose 


Time interval 


Placebo 
random 


Assessment 
of oxidative stress 


Oxidative stress 


Sage et al. (2000) 


30 


GTN 10 ug/min 


24 h i.v. 


Yes 
Yes 

Yes 




Lucigenin ECL 


Yes 


Jurtetal. (2001) 


30 


PETN 240 mg/d 


24 h p.o. 




Toxic aldehydes/isoprostanes 


PETN no 






GTN 0.6 mg/h 


24 h t.d. 


Yes 






GTN yes 


Schulz et al. (2002) 


71 


GTN 0.5 ug/kg/min 


24-48 h i.v. 


Yes 

Yes 
Yes 




Dihydroethidine fluorescence 


Yes 


Keimer et al. (2003) 


18 


PETN 80 mg/d 


5d 




Nitrotyrosine/isoprostanes 


PETN no 






ISDN 30 mg/d 




Yes 




Nitrite/nitrate 


ISDN no 


Andreassi et al. (2005) 


278 


Not provided 


Not provided 


No 




DNA damage 


Yes 


Wenzel et al. (2009) 


8 (cross-over) 


PETN 80 mg 


lx p.o. 


No 




Serum antioxidants 


PETN no 






GTN 0.8 mg 


2x s.l. 






ALDH-2 inhibition 


GTN yes 


Schnorbus et al. (2009) 


80 


PETN 240 mg/d 


8 weeks p.o. 


Yes 

Yes 




TBARS/MDA 
ALDH-2 inhibition 


No 



i.v., intravenous; t.d., transdermal; p.o., per oral; n.s., not significant. 
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2008, 2009a; Munzel et al., 2005). Since organic nitrates are thought to 
produce NO and as a side effect trigger oxidative stress, one of the hypotheses 
of the "oxidative stress concept" is the formation of peroxynitrite, a potent 
oxidant and nitrating agent, from NO and superoxide (Beckman & Koppenol, 
1996). Peroxynitrous acid (ONOOH) probably undergoes homolytic cleav- 
age thereby generating hydroxyl and nitrogen dioxide radicals and all of these 
species contribute to oxidative protein modifications, sulfhydryl oxidation, 
DNA damage, depletion of low-molecular weight antioxidants, lipid 
peroxidation, and disruption of iron-sulfur clusters (Crow & Beckman, 
1995; Daiber & Ullrich, 2002; Koppenol et al., 1992). Protein tyrosine 
nitration is regarded as a footprint of peroxynitrite in vivo (Crow & 
Beckman, 1995; Daiber & Bachschmid, 2007). Evidence for peroxynitrite 
formation in the setting of nitrate tolerance (again most pronounced for 
GTN) comes from increased levels of 3-nitrotyrosine positive proteins 
in hyperlipidemic and nitrate-treated rabbits (Warnholtz et al., 2002a). 
In addition, nitrated prostacyclin synthase was identified within the endothe- 
lium and subendothelial space in vessels from tolerant rats (Hink et al., 2003) 
and prostacyclin synthase nitration was previously reported to be a specific 
marker for peroxynitrite formation in vivo (Schmidt et al., 2003; Zou &C 
Bachschmid, 1999). We have previously demonstrated that the antihyperten- 
sive drug hydralazine prevents GTN-induced nitrate tolerance (Munzel et al., 
1996b) and is a highly effective peroxynitrite scavenger (Daiber et al., 2005a, 
2005b), which might also explain the beneficial effects described above in 
patients with chronic heart failure (A-HefT) (Taylor et al., 2004). More 
evidence for peroxynitrite formation under chronic nitrate therapy comes 
from the observation that L-012, a chemiluminescence dye with a very high 
specificity for peroxynitrite (Daiber et al., 2004a, 2004b), gives remarkable 
signals in nitrate-treated tissues (Daiber et al., 2004c, 2005c; Wenzel et al., 
2008b). Protein tyrosine nitration was also increased in endothelial cell culture 
upon treatment with GTN, which was blocked by preincubation with uric 
acid, superoxide dismutase, or chelerythrine (Abou-Mohamed et al., 2004). 
Increased oxidative stress was also detected in several human studies as 
summarized in Table IV. 

D. Cross-Talk Between Mitochondrial ROS and 
NADPH Oxidases 

The following section provides an attractive explanation for the 
development of endothelial dysfunction (cross-tolerance to endothelium- 
dependent vasodilators) under chronic GTN therapy. We have recently 
reported on the cross-talk between mtROS and cytosolic ROS/RNS in a 
model of increased mitochondrial oxidative stress (nitroglycerin-induced 
tolerance). In this system, endothelial dysfunction (sensitive to NADPH 
oxidases) and vascular dysfunction (sensitive to mitochondria) were dependent 
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on the activation of distinct oxidant sources (Wenzel et al., 2008a). This - 
cross-talk was blocked by in vivo and ex vivo administration of the mito- 
chondrial permeability pore inhibitor cyclosporine A (CsA), which selectively 
improved endothelial dysfunction, whereas nitrite tolerance was not affected. 
In contrast, the respiratory complex I inhibitor rotenone (Rot) improved 
endothelial dysfunction and tolerance. Conversely, in vivo or ex vivo 
treatment with the K AT p opener diazoxide (Diaz) caused a nitrate tolerance- 
like phenomenon in control animals, whereas the K ATP inhibitor glibenclamide 
(Glib) improved tolerance in nitroglycerin-treated animals. Very similar effects 
of Rot, CsA, Diaz, and Glib have been recently demonstrated by another group 
in an experimental model of angiotensin-II-induced hypertension (Doughan 
et al., 2008). A role of K A tp channels for NADPH oxidase-driven activation 
of mitochondrial ROS formation via changes in the membrane potential 
was previously proposed (Brandes, 2005). gp91 phox ~ / - and p47 phox ~ / - 
mice developed tolerance but no endothelial dysfunction in response to 
nitroglycerin treatment. The findings of this study are summarized and dis- 
cussed in view of similar observations in different animal models in a recent 
review article (Daiber, 2010). The mechanism underlying this concept is based 
on mtROS-driven PKC activation which in turn will activate NADPH oxi- 
dases. The NADPH oxidase-dependent cytosolic ROS and RNS formation will 
then uncouple eNOS, nitrate/inactivate prostacyclin synthase, and desensitize 
sGC. Previous experimental studies have shown that increased oxidative stress 
in cellular tissue per se is able to activate the oxidase in a positive feedback 
fashion (Fukui et al., 1997). Thus, nitroglycerin-induced mitochondrial super- 
oxide production may cause a secondary activation of Nox. One may also 
speculate that via its hypotensive action, nitroglycerin may cause an activation 
of the renin-angiotensin-aldosterone system (Munzel et al., 1996a), leading to 
increased circulating levels of angiotensin-II and aldosterone, and therefore, to 
an activation of the NADPH oxidase. This concept is further corroborated by 
the demonstration that in vivo treatment with an AT X receptor blocker was 
able to prevent the development of nitroglycerin-induced endothelial dysfunc- 
tion in an animal model of nitrate tolerance (Kurz et al., 1999). It should be 
noted that some previous studies do not support a beneficial role of AT X 
receptor blockers in the prevention of nitroglycerin-induced nitrate tolerance 
in human subjects (Longobardi et al., 2004; Milone et al., 1999). 



IV. Bioactivation of Organic Nitrates 



A. Different Enzymatic Bioactivation Mechanisms 

Organic nitrates are metabolized by different systems, which either 
activate the nitrates to vasodilatory species or decompose them to inactive 
products. The existence of several synergistic bioactivation pathways can be 
assumed from observations that inhibitors (and even genetic deletion) for one 
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enzymatic pathway never result in complete suppression of the vasodilatory 
effects of an organic nitrate but only impairs its potency (e.g., shifts the 
concentration-relaxation -curve to the right). For GTN, the bioactivation 
to a vasodilator was reported to be associated with the formation of 1,2- 
glyceryl dinitrate (1,2-GDN), whereas the formation of 1,3-GDN was rather 
attributed to degrading pathways (Bennett et al., 1984; Beretta et al., 2008a; 
Chen et al., 2002; Fujii et al., 1996; Torfgard et al., 1992). Among the 
metabolizing systems are the xanthine oxidase (XO) (Millar et al., 1998; 
O'Byrne et al., 2000), glutathione-dependent reductases (GR) (Needleman & 
Hunter, 1965; Needleman et al., 1969), hemoglobin (Hb) (Bennett et al., 
1984, 1986), P450 enzymes (Delaforge et al., 1993; McDonald & Bennett, 
1990), or glutathione-S-transferases (GST) (Fujii et al., 1996; Lau & Benet, 
1990). The bioactivation by mitochondrial aldehyde dehydrogenase 
(ALDH-2) (Chen et al., 2002) will be discussed in detail below. In the case 
of GTN, bioactivation yields 1,2- and 1,3-GDN, nitrite, nitrate, and NO. 
However, it should be noted that most of these enzymes were tested 
with supra-pharmacological concentrations of GTN (>10 uM), which are 
of minor clinical relevance (Munzel et al., 2005). Bioactivating pathways 
produce NO or NO-like species such as S-nitrosothiols, nitrite at special 
cellular sites (e.g., mitochondria or red blood cells) as well as the other 
metabolites described above (Fung et al., 1988; Munzel et al., 2005). Nitrates 
such as GTN and PETN are bioactivated by at least two different mechanisms 
and one accounts for the clinically relevant vasodilatory potency at therapeu- 
tic concentrations/doses, whereas the other is active at higher, supra-pharma- 
cological concentrations/doses (Fig. 4; Ahlner et al., 1986, 1988; Axelsson 
et al., 1992; Malta, 1989; Munzel et al, 2005). The bioactivation pathways 
for ISMN and ISDN (as well as other di- and mononitrate metabolites from 
GTN and PETN) are less carefully defined but it is assumed that cytochrome 
P450 enzymes contribute to vasodilation by those less potent nitrates (Fig. 4; 
Minamiyama et al., 1999, 2004a) although another group reported differ- 
ences in P450-mediated organic nitrate bioactivation identifying GTN but 
not ISDN as a substrate (Mulsch et al., 1995). In addition, XO was identified 
as an ISDN and ISMN-metabolizing enzyme with higher turnover with 
xanthine instead of NADH as the source of electrons (Doel et al., 2001). 
However, most of the investigations on nitrate bioactivation by purified 
enzymes or enriched cellular compartments were performed using high, 
supra-pharmacological concentrations of the organic nitrates. Therefore, it 
is strongly recommended to repeat these studies using clinically relevant 
concentrations of the drugs or even in vivo animal or at least cellular models. 



B. Low-Molecular Weight Pathways 

The low potency pathway leads to formation of measurable amounts of 
NO in vascular tissues in vivo (Mulsch et al., 1995) and in vitro (Kleschyov 
et al., 2003). Therefore, NO is a vasoactive principle of higher concentrations 
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FIGURE 4 High- and low-affinity pathways for nitrate bioactivation. High potency nitrates 
such as nitroglycerin (GTN), pentaerythrityl tetranitrate (PETN), and pentaerythrityl trinitrate 
(PETriN) are activated by mitochondrial aldehyde dehydrogenase (ALDH-2), yielding an NO- 
containing compound. This molecule then activates the soluble guanylyl cyclase, which decreases 
cytosolic Ca + by causing extracellular currents and increasing its concentration in intracellular 
stores such as the sarcoplasmatic reticulum. The right part of the figure describes the bioactiva- 
tion of low potency nitrates such as isosorbide dinitrate (ISDN), isosorbide-5-mononitrate 
(ISMN), glyceryl dinitrate (GDN), pentaerithrityl dinitrate (PEDN), and their respective mono- 
nitrates GMN and PEMN. These molecules are most probably metabolized by P450 enzyme(s) in 
the endoplasmic reticulum (ER) directly yielding nitric oxide. The latter mechanism also meta- 
bolizes high potency nitrates when they are employed at high concentrations (> 1 uM). Adapted 
from Munzel et al. (2005). With permission of the American Heart Association. 



of GTN. Previous studies, which focused on the identification of enzymes 
and/or low-molecular weight factors which could generate NO from GTN, 
identified cysteine, N-acetyl-cysteine, and thiosalicylic acid (Feelisch et al., 
1988; Schroder et al., 1985). Since the nonenzymatic reaction of GTN with 
thiols requires high concentrations (mM) of these thiols as well as GTN (uM 
range), this reaction may lack physiological significance (Munzel et al., 
2005). Optimized systems observed activation of purified sGC by cysteine 
(1 mM) and GTN in the low micromolar range, a quite low concentration, 
but still 100- to 1000-fold less potent than vasodilation of isolated vessels by 
GTN (Gorren et al., 2005). Another low-molecular weight (but also low 
affinity) pathway was postulated for the ascorbate system although activa- 
tion of purified sGC required at least 10 uM GTN in the presence of ascor- 
bate (10 mM) (Kollau et al., 2007). It should be noted that inorganic nitrite 
was even more effective in this system and evoked more sensitive activation 
of sGC in the presence of ascorbate. More evidence for a role of ascorbate in 
GTN bioactivation was provided by two subsequent studies from the same 
laboratory using ascorbate deficiency in guinea pigs and demonstrating 
impaired GTN vasodilatory potency in these animals (Wenzl et al., 2009b; 
Wolkart et al., 2008). The conclusions drawn in these studies were critically 
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discussed in a letter to the Editor by us (Daiber & Gori, 2008): our major 
concern was that the results could also point toward increased oxidative 
stress in ascorbate deficient animals and, therefore, increased susceptibility 
for development of nitrate tolerance (see preceding sections for role of 
oxidative stress for development of nitrate tolerance). These reports also 
demonstrated the complications associated with the interpretation of data 
obtained with low-molecular weight molecules and organic nitrates: in vitro 
activation by these pathways requires high supra-pharmacological concen- 
trations of the organic nitrates. When used in vivo, these compounds often 
significantly improve organic nitrate action or efficiently prevent develop- 
ment of tolerance but since all of them are potent antioxidants, it is unclear 
whether their action is based on direct bioactivation of the organic nitrates or 
on secondary antioxidant effects on nitrate-induced RONS formation (see 
Section V.A for further details). 



C. Role of Mitochondrial Aldehyde Dehydrogenase 
(ALDH-2) for Organic Nitrate Bioactivation 

/. Discovery of ALDH-2 as a GTN Reductase: Animal 
Experimental and Clinical Studies 

In 2002, the mitochondrial isoform of aldehyde dehydrogenases 
(ALDH-2) was identified as a key enzyme in the clinically relevant (high 
affinity) bioactivation process of GTN and provided new important infor- 
mation for nitrate pharmacology (Chen et al., 2002). In this study, the 
authors demonstrated that more or less specific ALDH inhibitors impair 
GTN-induced relaxation of isolated aortic ring segments but also that pur- 
ified ALDH-2 bioactivates GTN to 1,2-GDN and nitrite in the presence of 
the dithiol compound dithiothreitol (DTT). It should be noted that there was 
previous evidence for a role of ALDH in nitrate metabolism based on 
observations that organic nitrate has disulfiram-like effects (Towell et al., 
1985). In subsequent studies, our group and others could demonstrate the 
role of ALDH-2 in the bioactivation process and development of nitrate 
tolerance in a more clinical setting using different animal models (Sydow 
et al., 2004; Zhang et al, 2004). In 2005, involvement of ALDH-2 in the 
GTN bioactivation process was proven at the molecular level using ALDH-2- 
deficient (ALDH-2 __ ) mice that demonstrated impaired relaxation in re- 
sponse to GTN but not SNP or ISDN (Chen et al., 2005). In the same year, 
there was the first report on a role of ALDH-2 in the bioactivation process in 
humans (Mackenzie et al., 2005). These authors treated volunteers with the 
ALDH inhibitor disulfiram, a drug used for treatment of alcoholism (e.g., 
antabuse) and observed significantly impaired GTN- but not SNP-induced 
blood flow increases in the forearm. They observed similar effects in East- 
Asian volunteers with ALDH-2 Glu504Lys mutation polymorphism 
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(ALDH2*2). Bioactivation of GTN by ALDH-2 is also of high epidemiologi- 
cal interest since a large part of the East-Asian population carries the 
ALDH2*2 polymorphism and, therefore, demonstrates impaired responsive- 
ness to GTN (Li et al., 2006). According to a recent report, GTN-induced 
tolerance in humans is also associated with inhibition of ALDH-2 indicating 
that impaired bioactivation contributes to clinical tolerance (Hink et al., 
2007). In 2007, we demonstrated bioactivation of PETN and its trinitrate 
metabolite PETriN by ALDH-2 using ALDH-2"'" mice (Wenzel et al., 
2007c). In contrast, the metabolites of PETN, PEDN, and PEMN as well as 
the GTN metabolite 1,3-GDN but also ISMN were not bioactivated by 
ALDH-2. These observations exclude that differences in bioactivation be- 
tween GTN and ISDN are simply due to structural differences and suggest 
differences in the reactivity toward thiol groups — the latter parameter deter- 
mines affinity for bioactivation by ALDH-2. 

2. Bioactivation Mechanism of Organic Nitrates by ALDH-2 

In a first step, ALDH-2 catalyzes the formation of a hypothetical 
thionitrate intermediate (Fung, 2004) from the reaction of GTN, PETN, 
and its trinitrate PETriN with a reactive thiol group at the active site of the 
enzyme generating the denitrated metabolite (1,2-GDN, PETriN, or PEDN; 
Fig. 5; Wenzel et al., 2007a, 2007c). The thionitrate stabilizes by spontaneous 
nucleophilic attack of a second neighboring cysteine thiol group by forma- 
tion of a disulfide bridge and release of nitrite. Another possibility could be 
the direct generation of NO by the thionitrate (Fung, 2004) but it is unclear 
to this date whether this process requires transition metals (Beretta et al., 
2008a). The enzymatic activity can be further regulated by reaction of the 
disulfide bridge with glutathione, which forms a quite stable adduct that can 
be detected with a specific antibody against GSH. This regulatory process is 
called glutathionylation and is probably due to a narrow active site of the 
enzyme prohibiting the attack of a second GSH molecule, which would result 
in GSSG and the reactivated enzyme. There is also irreversible inhibition of 
the enzyme, probably via formation of sulfonic acid groups by oxidants such 
as superoxide or peroxynitrite (Wenzel et al., 2007a), which requires de novo 
synthesis of the ALDH-2. In cells/mitochondria with intact redox-state, the 
disulfide bridge (or sulfenic acid -SOH upon reaction with peroxynitrite) is 
reduced by dithiol compounds such as the mitochondrial dihydrolipoic acid 
or synthetic compounds such as DTT (Chen & Stamler, 2006; Wenzel et al., 
2007a). 

3. The Role of Inorganic Nitrite in the ALDH-2-Dependent 
Bioactivation of GTN 

The mitochondrial compartment provides different pathways for the 
reduction of nitrite to NO, an S-nitrosothiol or a nitroso-metal-complex: 
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FIGURE 5 Proposed pathway of organic nitrate bioactivation by ALDH-2 in the vasculature. 
The reductase activity of ALDH-2 converts GTN to nitrite and the denitrated metabolite. In turn, 
nitrite undergoes either reduction by the respiratory chain or acidic disproportionation in the 
inner mitochondrial membrane space, to yield an NO-related species. Two neighbored reduced 
cysteine thiols are essential for this process, which yields nitrite at the expense of the formation of 
a disulfide group (which temporarily inactivates the enzyme). Restoration of enzymatic activity 
of ALDH-2 requires oxidation of a dithiol compound (dihydrolipoic acid in the scheme). 
Obviously, direct oxidation of the ALDH-2 thiols by reactive oxygen and nitrogen species 
(RONS) such as superoxide and peroxynitrite could also cause formation of a disulfide bridge, 
inhibiting the enzyme. This mechanism is compatible with evidence of impaired GTN biotrans- 
formation as one of the causes of nitrate tolerance. 1,2-GDN, 1,2-glyceryl dinitrate. Adapted 
from Wenzel et al. (2007a). With permission of the American Society for Biochemistry and 
Molecular Biology. 



acidic disproportionation in the intermembrane space would be one possibility 
and the reduction by mitochondrial cytochrome c oxidase could be another 
one (see also Fig. 4). Moreover, involvement of nitrite in GTN-induced 
relaxation would be in good accordance with recent reports on nitrite- 
mediated protection from ischemic damage (Butler & Feelisch, 2008) and 
similarities between GTN and nitrite-driven ATP release from erythrocytes (a 
vasodilatory pathway) (Garcia et al., 2010), providing an attractive explana- 
tion for the potent antiischemic properties of GTN. It should be noted that 
this concept of GTN-induced mitochondrial nitrite formation with 
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subsequent reduction to NO was recently challenged by Mayer and cow- 
orkers who demonstrated that sGC activation was triggered by bioactivation 
of nitrite with mitochondrial cytochrome c oxidase and GTN in the presence 
of mitochondria but these triggers differed markedly with respect to effects 
of respiratory chain substrates and inhibitors (Kollau et al., 2009). Based 
on these observations, the authors excluded a role of nitrite in the GTN- 
induced vasodilation process although there was no direct comparison of the 
potency of GTN versus nitrite-triggered sGC activation in the presence of 
mitochondria. 



4. Implications of the Role of ALDH-2 for the Development 
of Nitrate Tolerance 

The inactive ALDH-2 enzyme with disulfide bridges is reactivated by 
suitable dithiol compounds such as the physiological compound dihydrolipoic 
acid (Wenzel et al., 2007a). However, in case that these reducing equivalents 
are depleted in response to sustained oxidative stress or by over charge of the 
system with organic nitrates, ALDH-2 will remain at the level of the inactivated 
disulfide bridge form and the bioactivation of GTN will become impaired 
manifesting in nitrate tolerance. This concept would explain why the hemody- 
namic effect of GTN and other nitrates is reduced in the setting of conditions 
associated with oxidative stress, such as diabetes and CAD (McVeigh et al., 
2002). Even more importantly, organic nitrate-induced oxidative stress may 
cause irreversible inactivation of the enzyme and different oxidants display 
distinct potencies for inhibition of the ALDH-2 activity (Table V). This irrevers- 
ible inactivation process requires de novo enzyme synthesis, lasting up to days. 
In principle, this part of the ALDH-2-based bioactivation is in good accordance 
with the "thiol oxidation concept" of Needleman and coworkers who observed 
mitochondrial swelling and impaired oxygen metabolism in organic nitrate- 
treated mitochondria. These authors postulated that depletion of (mitochon- 
drial) thiol groups is an essential step in the development of nitrate tolerance 
(Needleman & Hunter, 1966). The ALDH-2-based nitrate bioactivation 
process (the high-affinity pathway) is highly susceptible to inactivation and 
the development of nitrate tolerance, in vivo as well as ex vivo (Daiber et al., 
2004c; Koenig et al., 2007). Cotreatment with lipoic acid significantly improved 
the vascular consequences of GTN-induced nitrate tolerance (Dudek et al., 
2008; Wenzel et al., 2007a). It should be noted that lipoic acid is also a 
potent antioxidant and has beneficial effects in other cardiovascular and neu- 
rodegenerative diseases (Bilska & Wlodek, 2005; Lynch, 2001; Wollin & 
Jones, 2003). 

A study from our laboratory showed in vessels obtained from bypass 
surgery that GTN potency and ALDH activity were decreased in saphenous 
veins and mammary arteries from in vivo GTN-treated patients and the 
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TABLE V Half-Maximal Inhibition Concentrations of Different Reactive Species and 
Organic Nitrates for ALDH Activity 





Inhibitor 


/C50 values 


IC$o values 


Induction 






for yeast 


for ALDH-2 


of RONS in 






ALDH 


(isolated 


mitochondria 






(isolated enzyme) 


mitochondria) 




Organic nitrates 


GTN 


4.44±0.94uM 


~50uM 


High 




PETN 


n.d. 


~500uM 


Moderate 




PETriN 


n.d. 


~500uM 


Moderate 




PEDN 


n.d. 


>500uM 


Absent 




PEMN 


n.d. 


> 500 uM 


Absent 




ISDN 


n.d. 


>500uM 


Moderate 




ISMN 


n.d. 


>5000uM 


Absent 


Reactive oxygen 


H 2 2 


>1000uM 


n.d. 


n.d. 


and nitrogen 


ONOO- (bolus) 


7.92 ± 4.12 uM 


~120uM 


n.d. 


species 


ONOO- (generated 
by Sin- 1) 


16.30±4.41 uM 


~66uM 


n.d. 




ONOO- (generated 


8.48±2.14uM 


n.d. 


n.d. 




by XO/NONOate) 










Superoxide 


17uM(lmU/ml) 


n.d. 


n.d. 




(xanthine oxidase) 










NO (spermine 


58.98±13.81 


n.d. 


n.d. 




NONOate) 


uM 







IC50, concentration that evokes half-maximal inhibition; n.d., not determined. 



extent of this impairment was quite similar in vessels upon in vitro treatment 
with a pharmacological inhibitor of ALDH-2 (Hink et al., 2007). This 
observation was supported by a subsequent report performed with human 
saphenous veins which were tested for ALDH-2 expression and effectiveness 
of ALDH inhibitors on GTN potency (Huellner et al., 2008). Since we and 
others have repeatedly shown that ALDH-2 activity was decreased in 
response to GTN in vivo and in vitro treatment in animals and humans, we 
speculated whether this decrease could be used as a reliable marker for nitrate 
tachyphylaxis (acute overload of the GTN bioactivating system) but also 
clinical tolerance (Wenzel et al., 2009). For this purpose, we isolated white 
blood cells (WBCs) from the "buffy coat" and neutrophils (PMNs) by the 
dextran sedimentation method and size-exclusion centrifugation by Ficoll as 
previously described (Daiber et al., 2004a). According to our data, WBCs 
(monocytes/lymphocytes) have higher ALDH-2 activity as compared to 
PMNs (Daiber et al, 2009b). Therefore, WBCs seemed to be the most 
reliable marker for ALDH-2 activity in human whole blood and were used 
for subsequent clinical studies in human volunteers. Our data indicated that 
WBC ALDH activity is a reliable marker for organic nitrate tachyphylaxis 
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and may be a useful marker for clinical tolerance as well: a single sublingual 
administration of GTN significantly impaired ALDH-2 activity in human 
and rat WBC preparations isolated from these subjects (Wenzel et al., 2009). 
But also chronic GTN infusion resulted in decreased ALDH-2 activity in rat 
WBC preparations isolated from these animals. There was a highly signifi- 
cant linear correlation of mitochondrial and WBC ALDH-2 activity as well 
as GTN potency and these parameters decreased with increasing doses 
of GTN infusion (Fig. 6). A last experiment in the volunteers was designed 
to test whether lipoic acid co-therapy may improve GTN-induced nitrate 
tachyphylaxis. Indeed, lipoic acid co-therapy was able to eliminate all 
negative side effects of GTN administration in humans (such as the 
decrease in WBC ALDH activity) supporting our previous observation 
that lipoic acid prevented nitrate tolerance in GTN-treated rats (Wenzel 
et al., 2007a). 

5. Isolated, Purified ALDH-2 and GTN 

Recent data from the group of Bernd Mayer demonstrated that isolated, 
purified human ALDH-2 bioactivates GTN but in the absence of reducing 
equivalents (e.g., DTT or dihydrolipoic acid) generates RONS causing 
inactivation of the enzyme (Beretta et al., 2008a, 2008b). According to 
these results, also cytosolic ALDH-1 in the presence of GTN-evoked activa- 
tion of purified sGC (measured by cGMP formation) although the potency 
was 30-fold lower as compared to ALDH-2 (Fig. 7; Beretta et al., 2008a) and 
therefore is likely to contribute to supra-pharmacological actions of GTN in 
tissue or cells. GTN even induced some irreversible inactivation of isolated 
ALDH-2 (Beretta et al., 2008b) as postulated above for RONS-triggered 
inhibition by sulfonic acid formation at the active site (Wenzel et al., 
2007a): when conversion of acetaldehyde was measured by recording the 
NADH formation and GTN was added, the dehydrogenase activity was 
significantly impaired. Upon addition of the dithiol, compound DTT the 
enzymatic acitivity was reactivated, but this rescue could not completely 
recover the activity — an appreciable portion of the ezyme remained inactive. 
This means that at least partial irreversible inactivation took place. Already 
in 2007, we observed partial irreversible inactivation of ALDH-2 in cardiac 
mitochondria in response to in vivo treatment with GTN (Wenzel et al., 
2007a). Addition of dihydrolipoic acid only partially restored ALDH-2 activ- 
ity in these mitochondria. Likewise, treatment of mitochondria with antimy- 
cin A, a complex III inhibitor, caused mitochondrial ROS formation 
triggered partial irreversible inhibition of ALDH-2, which was not complete- 
ly reversible by addition of dihydrolipoic acid. This concept of dihydrolipoic 
acid-mediated protection was also confirmed in a human study (Wenzel 
et al., 2009). Based on these observations, we postulated a redox-regulation 
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FIGURE 6 Correlations between WBCs ALDH activity, mitochondrial ALDH-2 activity, and 
GTN potency (pD2 = — log of concentration causing half-maximal relaxation). (A) WBC-ALDH 
activity was plotted for all GTN dose groups (see legend insert) versus the corresponding GTN 
potency. (B) Mitochondrial ALDH-2 activity was plotted for all GTN dose groups versus the 
corresponding GTN potency, r, correlation coefficient. p-Values for linear regressions are 0.005 
(A) and 0.004 (B). Adapted from Wenzel et al. (2009). With permission of the American Society for 
Pharmacology and Experimental Therapeutics. 



of ALDH-2 activity by GTN and RONS as well as irreversible inhibition by 
formation of sulfonic acid by oxidizing species (Daiber & Munzel, 2010b; 
Daiber et al., 2009b; Wenzel et al., 2007a). 

Based on recent reports, the purified ALDH-2 enzyme itself produces 
RONS that are further increased in the presence of GTN (Wenzl et al., 
2009a). As an explanation for this RONS formation, the authors proposed 
a conformational change taking place upon binding of NAD + to the enzyme, 
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FIGURE 7 The nitroglycerin (GTN) bioactivation by purified, recombinant, human ALDH-1 
(50 |ig), and ALDH-2 (25 ug). Bioactivation of the nitrate was determined by activation of 
purified soluble guanylyl cyclase in the same tube and subsequent formation of cGMP. Bovine 
serum albumin was used as a negative control. Adapted from Beretta et al. (2008a). With 
permission of the American Society for Biochemistry and Molecular Biology (via rightslink). 



since the E268Q mutation reduced the binding affinity of NAD + due to the 
absence of glutamic acid but also suppressed RONS formation by the enzyme 
(Wenzl et al., 2009a). Interestingly, the nitrate reductase activity of ALDH- 
2 was significantly affected by E268Q mutation. NO formation from wild- 
type ALDH-2 and GTN could only be observed in the presence of superoxide 
dimutase (SOD) providing evidence for involvement of superoxide in the 
breakdown of NO. In contrast, the E268Q variant displayed significant NO 
formation in the absence of SOD indicating that superoxide formation in the 
variant was less pronounced. It should be noted that high GTN concentra- 
tions (> 10 liM) were used for the detection of NO. The dehydrogenase and 
esterase activities are almost absent in the E268Q mutant, whereas basal 
nitrate reductase activity is similar to the one in wild -type ALDH-2. However, 
nitrate reductase activity of the wild-type enzyme was sevenfold increased 
upon addition of NAD + (by a structural change) and this increase was 
completely lost in the E268Q (Wenzl et al., 2009a). Replacement of a 
cysteine residue at the active site by a serine group (C302S) resulted in 
complete loss of all three enzymatic activities (dehydrogenase, esterase, and 
reductase) and a complete suppression of the 1,2-GDN as well as NO 
formation in the presence of GTN (Wenzl et al., 2009a). The widely 
distributed East-Asian variant of ALDH-2 (ALDH2*2) with the point muta- 
tion E487K displays a similar decrease in NAD + -binding affinity as com- 
pared to E268Q mutant (Larson et al., 2007). Accordingly, the ALDH2*2 
variant displayed a significantly reduced dehydrogenase and esterase activity 
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(Larson et al., 2007) but also impaired GTN reductase activity (Li et al., 
2006). Based on these observations, the vasodilatory potency of GTN is 
blunted in East- Asian individuals with the ALDH2*2 polymorphism as 
well as in humans under therapy with the ALDH inhibitor disulfiram 
(Mackenzie et al., 2005). In a recently published work, these findings were 
supported by data obtained with purified ALDH2' ; "2 variant displaying a 
reduced dehydrogenase, esterase, and nitrate reductase activity as compared 
to the wild-type enzyme (ALDH2*1) (Beretta et al., 2010). Accordingly, the 
ALDH2*2 variant yielded decreased levels of 1,2-GDN and NO in the 
presence of GTN and finally, evoked less pronounced activation of sGC. 
Interestingly, the previously described ALDH-2 activator Alda-1 (Chen et al., 
2008) induced only minor activation of the dehydrogenase activity of wild- 
type ALDH-2 but a fourfold increase in ALDH2*2 variant dehydrogenase 
activity (Beretta et al., 2010). The effect of Alda-1 on esterase activity of the 
ALDH2*1 enzyme was moderate, but caused a eightfold increase in the 
ALDH2*"2 variant. It was a disappointment to see that Alda-1 did increase 
neither the GTN bioactivation nor the sGC activity (Beretta et al., 2010) and 
obviously cannot be clinically employed to increase the vasodilatory potency 
of GTN in (nitrate-tolerant) patients under chronic treatment or to improve 
the antiischemic effects of GTN in East-Asian individuals with ALDH2*2 
polymorphism. 

In a recently completed study from our laboratory, we could demon- 
strate that purified human ALDH-2 was significantly inactivated by GTN but 
to a minor extent by PETN (Fig. 8). This finding provides an attractive 
additional explanation for the tolerance-devoid and beneficial effects of 
PETN under chronic therapy, which were previously defined to rely on 
induction of heme oxygenase-1 and ferritin (Oberle et al., 1999, 2003; 
Wenzel et al., 2007b) as well as on the controlled and slow uptake of the 
drug upon oral treatment (Koenig et al., 2007; Wenzel et al, 2009). If PETN 
really prevents inactivation of its bioactivating enzyme ALDH-2, then this 
could explain the lack of tolerance development. As expected, the RONS 
formation by ALDH-2 was significantly less pronounced in the presence of 
PETN as compared to GTN (Fig. 9). 

According to these results, ALDH-2 itself could represent a source of 
RONS in the presence of GTN, as proposed by Mayer and coworkers (Wenzl 
et al., 2009a). However, this conclusion is at variance with previous data 
from our group and others indicating that ALDH is rather a RONS scaven- 
ger and prevents degradation of NO since knockdown of ALDH-2 in 
cultured cells increased RONS (Szocs et al., 2007). In a subsequent study, it 
was demonstrated in ALDH-2 knockout mice that deficiency in ALDH-2 
results in increased RONS levels under chronic GTN therapy (Wenzel et al., 
2008b). Also acute challenges with GTN did not support a role of ALDH- 
2 in the GTN-induced RONS formation since those signals were similar in 
mitochondria from wild-type and ALDH-2 deficient mice (Schuhmacher 
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FIGURE 8 Inactivation of purified human ALDH-2 by GTN using an HPLC-based method. 
The ALDH-2 dehydrogenase activity was determined by quantification of the conversion of 
2-hydroxy-3-nitrobenzaldehyde to its benzoic acid product. Inactivation by increasing concen- 
trations of GTN is much more pronounced as compared to PETN. 



et al., 2009). A protective role of ALDH-2 is further supported by reports of 
increased oxidative damage in aged ALDH-2~'~ mice (Wenzel et al., 2008c) 
and doxorubicin-treated ALDH-2~'~ mice (Wenzel et al., 2008b) as well as 
of increased GTN-induced RONS formation in mitochondria treated with 
pharmacological ALDH inhibitors (Gori et al., 2007). All of these reports 
speak against an essential role of ALDH-2 in GTN-induced oxidative stress 
in tolerant tissue. GTN-triggered RONS formation from purified ALDH- 
2 rather seems to be an artificial side effect as frequently observed with 
simplified, purified enzymatic systems (e.g., due to lack of essential cofactors 
or antioxidants). The differential effects of GTN and PETN on ALDH- 
2 activity are of great scientific and clinical interest and deserve further 
investigations. 

6. ALDH-2 Beyond Nitrate Treatment and Tolerance 

In 2008, Chen et al. reported that "activation of aldehyde dehydrogenase-2 
reduces ischemic damage to the heart" and vice versa that inhibition of ALDH- 
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F I G U RE 9 RONS production by purified human ALDH-2 in the presence of GTN or PETN. 

RONS formation was determined by L-012 chemiluminescence. The RONS generation is much 
less pronounced with PETN as compared to GTN. 



2 by nitroglycerin or cyanamide treatment increased infarct area in experimental 
myocardial infarction (Chen et al., 2008 ). The cardioprotective role of ALDH-2 is 
well known from studies in knockout mice and ALDH-2 overexpression 
(Ren, 2007; Ma et al., 2010). Recently, ALDH-2 deficiency was shown to render 
mice more susceptible to exogenously triggered oxidative stress. ALDH-2~'~ 
mice were more susceptible to nitroglycerin-, acetaldehyde-, and doxorubicin- 
induced cardiovascular damage (Wenzel et al, 2008b) but also cultured cells 
displayed increased oxidative damage in the absence of ALDH-2 (Szocs et al., 
2007). Finally, a recent study from our laboratory demonstrated that ALDH-2~ ; 
~~ mice are more susceptible to aging-induced DNA damage, vascular dysfunc- 
tion, and mitochondrial oxidative stress (Wenzel et al., 2008c). Therefore, 
ALDH-2 seems to be a marker for oxidative stress but its absence or deficiency 
in ALDH-2 obviously also increases oxidative stress. Therefore, besides direct 
oxidative damage by nitroglycerin, ALDH-2 inactivation in the setting of nitrate 
tolerance may largely contribute to cardiovascular risk. These observations 
might be compatible with a toxic effect of chronic nitrate therapy: as reported 
above, based on a retrospective metaanalysis using the databases from two large- 
scale postinfarction studies, Nakamura et al. presented data that long-term 
nitrate therapy increases cardiovascular mortality (Nakamura et al., 1999). 
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In light of the new data presented above, this increased mortality may 
be secondary to nitrate-mediated inactivation of ALDH-2. Therefore, one may 
speculate that organic nitrates without inhibitory effect on ALDH-2 activity (e.g., 
PETN) may have better effects on prognosis in patients. However, future clinical 
studies have to proof these experimental findings for the clinical situation. 

V. Strategies to Overcome Nitrate Tolerance 



A. Direct Antioxidants in the Prevention of 
Nitrate Tolerance 

Previously, the nitrate-free interval was the recommended strategy to 
avoid development of nitrate tolerance although antiischemic protection of 
patients could be inadequate during the nitrate-free interval and may be even 
increased due to rebound angina (Freedman et al., 1995; Parker et al., 1995; 
Schaer et al., 1988). There is also evidence that nitrate-free intervals do not 
prevent all adverse side effects of nitrate therapy (Munzel et al., 2000). Since 
oxidative stress obviously plays an important role for the development of 
nitrate tolerance and endothelial dysfunction (especially under chronic GTN 
therapy), it did not come as a surprise that numerous groups reported benefical 
effects of antioxidant co-therapy on nitrate-induced side effects (Fig. 10). 
Examples are direct antioxidants such as hydralazine (Daiber et al., 2005a, 
2005b; Elkayam, 1996; Gogia et al., 1995; Munzel et al., 1996b; Taylor et al., 
2004), vitamin C (Bassenge et al., 1998; Daniel & Nawarskas, 2000; Dikalov 
et al., 1999; Watanabe et al., 1998c), superoxide dismutase (Daiber et al., 
2005c; Munzel et al., 1995c, 1996b, 1999), N-acetylcysteine (Fung et al., 
1989; Ghio et al., 1992; Newman et al, 1990; Packer et al., 1987), ebselen, 
and uric acid (Hink et al., 2003). It should be noted that several reports also 
challenged the concept of nitrate tolerance release by hydralazine (Parker 
et al., 1997), N-acetylcysteine (Munzel et al., 1989; Schroder et al., 1988), 
and SOD (Sage et al., 2000; Wolkart et al., 2008). The antioxidant dihydro- 
lipoic acid probably improves nitrate tolerance by direct antioxidant effects 
(Moini et al., 2002; Wollin & Jones, 2003), its beneficial effects on ALDH- 
2 activity (Dudek et al., 2008; Wenzel et al., 2007a) and maybe additional 
pleiotropic effects (e.g., via cofactor functions in other biological processes; 
Stoyanovsky et al., 2005; Wollin &c Jones, 2003). 

B. Indirect Antioxidants in the Prevention of Nitrate 
Tolerance: Pleiotropic Effects and Synergistic 
Improvement of Vascular Function 

In addition to direct antioxidants, a number of drugs with indirect antioxi- 
dant effects were described to efficiently improve GTN-induced nitrate tolerance 
and endothelial dysfunction (Fig. 10). Among these compounds are statins 
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FIGURE 10 Nitrate tolerance and possible therapeutic interventions. The left side indicates 
constituents of the NO/cGMP signal transduction: functional endothelial nitric oxide synthase 
(eNOS) with its cofactor tetrahydrobiopterin (BH 4 ) and substrate L-arginine. Nitrate tolerance 
causes depletion of BH4 (by oxidation and decreased de novo synthesis) and eventually 
L-arginine (e.g., degradation to ADMA). Moreover, superoxide and peroxynitrite formation 
(by NADPH oxidases and mitochondrial sources) as well as eNOS uncoupling (by BH 4 depletion 
or oxidative modification of eNOS itself) are postulated in tolerant tissue contributing to 
inactivation of sGC (by superoxide and peroxynitrite) and increased degradation of cGMP by 
phosphodiesterases. All of these factors as well as humoral counterregulation trigger the increase 
in circulating vasoconstrictors (activation of RAAS) characterizing the "pseudo-tolerance." 
Possible co-therapies to suppress the nitrate tolerance compromise induction of eNOS activity 
by supplementation with BH4 or its precursor folic acid or the substrate L-arginine (displaying 
also direct antioxidant effects). Also direct or indirect antioxidant therapies (e.g., ascorbate, 
hydralazine, ATi-receptor blockers (ARBs), and ACE inhibitors). sGC activators and PDE 
inhibitors, to our best knowledge, were not yet tested in the setting of nitrate tolerance. The 
antioxidant co-therapy normalizes also the levels of circulating vasoconstrictors. The original 
concept was published by Fayers et al. (2003). 
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(Fontaine et al., 2003; Inoue et al., 2003; Otto et al., 2005), ATx-receptor 
antagonists (Cotter et al., 1998; Hirai et al., 2003; Kurz et al., 1999), ACE 
inhibitors (Berkenboom et al, 1999; Kurz et al, 1999; Otto et al, 2006; 
Warnholtz et al., 2002b), PKC inhibitors (Abou-Mohamed et al., 2004; 
Munzel & Harrison, 1997; Munzel et al., 1995a; Zierhut & Ball, 1996), folic 
acid (Gori et al., 2001; Gori et al., 2003b), or the p-blocker carvedilol 
(El-Demerdash, 2006; Fink et al., 1999; Watanabe et al., 1998a). It should be 
noted that several reports also challenged the concept of nitrate tolerance release 
by sartans (Longobardi et al., 2004; Milone et al., 1999), NADPH oxidase 
inhibitor apocynin (Ratz et al, 2000b), or endothelin antagonists (Ratz et al., 
2000a). More examples for antioxidant improvement of nitrate tolerance and 
GTN-induced endothelial dysfunction are summarized in our review article 
(Munzel et al., 2005) and different strategies to overcome nitrate tolerance are 
discussed in a previous review article (Schwemmer & Bassenge, 2003). 

C. Induction of Protective Genes and Nitrate Tolerance: 
Is PETN the Better Nitrate? 

The important role of oxidative stress for vascular side effects of GTN 
therapy was also demonstrated in genetically modified mice. The suppression 
of the activity of the NADPH oxidase isoform Nox2 by genetic deletion 
of gp91phox and p47phox could suppress the GTN-induced endothelial 
dysfunction but had no effect on nitrate tolerance (Wenzel et al., 2008a). 
In contrast, mice with partial deficiency in mitochondrial superoxide dismu- 
tase (MnSOD +/ ~) displayed increased susceptibility for the development 
of nitrate tolerance, endothelial dysfunction, and increased oxidative stress 
(Daiber et al., 2005c). Interestingly, the nitrate PETN does not induce in vivo 
tolerance and other adverse side effects (Table II). The tolerance-devoid thera- 
py with PETN and its antiatherogenic properties is probably based on its 
controlled and slow uptake resulting in special pharmacokinetics as well as 
the distribution of hemodynamic effects on four vasoactive metabolites 
(Koenig et al, 2007; Wenzel et al., 2009). At least two of these metabolites 
(PEDN and PEMN) are present at high-plasma levels and do not induce 
tachyphylaxis. But even more important could be the induction of protective 
genes by PETN and its trinitrate such as the heme oxygenase-1 and ferritin 
in vitro (Gori et al., 2010; Oberle et al., 1999, 2002, 2003) and in vivo (Fig. 11; 
Daiber & Munzel, 2010a; Schuhmacher et al., 2010; Wenzel et al, 2007b). 
Via breakdown of porphyrins, HO-1 produces the antioxidant molecule bili- 
rubin (which is formed from biliverdin by biliverdin reductase; Florczyk et al., 
2008) and the vasodilator carbon monoxide (CO) (Oberle et al., 2003; Wenzel 
et al., 2007b). HO-1 in turn stimulates the expression of a second antioxidant 
protein, ferritin, via the HO-1-dependent release of free iron from endogenous 
heme sources (Oberle et al., 1999). The induction of extracellular SOD may 
represent another important intrinsic antioxidant pathway activated by PETN 
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FIGURE I I Prevention of nitrate tolerance and endothelial dysfunction by PETN. In contrast 
to GTN, PETN stimulates the expression of the protective protein heme oxygenase-1 (HO-1), 
and thus triggers formation of the potent antioxidant bilirubin as well as the weak, antiathero- 
sclerotic activator of soluble guanylyl cyclase (sGC), carbon monoxide (CO). As a consequence 
of HO-1-dependent degradation of metalloporphyrins and increase in free iron, the expression of 
ferritin is increased providing protection against iron-induced Fenton toxicity. Activation of 
these intrinsic antioxidative pathways prevents eNOS uncoupling, mitochondrial oxidative 
stress, inactivation of ALDH-2, thereby maintaining the vasodilatory action of PETN as well 
as endothelial function. Adapted from Daiber and Munzel (2010a). With permission of Springer 
(via rightslink). 
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in vivo treatment (Oppermann et al., 2009) and may explain its beneficial 
effects in hyperlipidemia (Hacker et al., 2001; Kojda et al., 1995) and arterial 
hypertension (Schuhmacher et al., 2010). Moreover, a recent study by Kleinert 
and coworkers suggests that PETN regulates 1215 genes and GTN 532 genes 
but only 68 genes are regulated by both nitrates (Pautz et al., 2009). A 
subsequent detailed analysis of gene function revealed that GTN activates a 
cardiotoxic phenotype, whereas PETN displays a cardioprotective gene induc- 
tion profile. These data are in good agreement with previous reports on GTN- 
induced adverse gene regulation (e.g., downregulation of potential GTN bioac- 
tivating P450 genes; Minamiyama et al, 2001, 2002, 2004a,2004b, 2006). 

These protective properties of PETN manifest in prevention of ALDH- 
2 inactivation and lack of induction of oxidative stress and nitrate tolerance 
(Tables II-IV). Moreover, they may explain why PETN mimics ischemic 
preconditioning (Dragoni et al., 2007). The powerful effect of HO-1 
induction on the development of nitrate tolerance was further supported by 
key observations on the normalization of nitroglycerin-induced nitrate toler- 
ance by hemin (a potent HO-1 inducer) co-therapy and the induction of a 
tolerance-like phenomenon in PETN-treated rats by apigenin (an HO-1 
suppressor) co-treatment (Wenzel et al., 2007b). These results point to a 
crucial role of this enzyme in the modulation of the degree of tolerance 
in response to the use of organic nitrates. According to data from 
our group, PETN treatment induces nitrate tolerance in HO-l +/ ~ mice and 
low dose nitroglycerin treatment induces severe loss of nitroglycerin potency 
in these mice with partial deficiency in HO-1 (Schuhmacher et al., 2010). 



VI. New Nitrates 



The development of new organic nitrates may represent another strategy 
to find new clinical applications for this class of drugs and to overcome the 
major limitation of clinical use of organic nitrates. Based on results from a 
recent study from Lehmann and Daiber, aminoethyl nitrate (AEN) showed 
an almost similar potency as compared to glyceryl trinitrate (GTN), although 
being only a mononitrate (Schuhmacher et al., 2009). In contrast to trietha- 
nolamine trinitrate (TEAN) and GTN, AEN bioactivation did not depend on 
ALDH-2 and caused no in vitro tolerance. In vivo treatment with TEAN and 
GTN, but not with AEN induced cross-tolerance to acetylcholine-dependent 
or to GTN-dependent relaxation. Although all nitrates tested induced toler- 
ance, only TEAN and GTN significantly increased mitochondrial oxidative 
stress in vitro and in vivo. The results of this study demonstrate that not all 
high potency nitrates are bioactivated by ALDH-2 and that high potency of a 
given nitrate is not necessarily associated with induction of oxidative stress or 
nitrate tolerance. Obviously, there are distinct pathways for bioactivation of 
organic nitrates with high potency. 
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AEN may represent a new class of organic nitrates which is devoid of 
induction of in vitro tachyphylaxis as well as oxidative stress and showed an 
impressively high potency as compared to all tested mononitrates so far but 
also to di- and trinitrates. Despite these beneficial and pharmacological 
relevant properties, AEN induced severe in vivo tolerance to itself requiring 
further mechanistic studies to reveal the bioactivation pathway as well as its 
mechanism of action — the so far known facts are summarized in Fig. 12. This 
may be of clinical interest since AEN is part of the structure of the potassium 
channel blocker nicorandil which consists of a fused organic nitrate moiety. 
Nicorandil is devoid of clinical tolerance (Sekiya et al., 2005). Therefore, 
future strategies to develop organic nitrate-based vasodilators and hybrid 
molecules may include the insertion of AEN-like structures. 

The development of new nitrate-hybrid molecules, introduction of ni- 
trate functions into established cardiovascular drugs represents another in- 
teresting field of nitrate development (Martelli et al., 2006). There are several 
reports in the literature on nitrate-hybrid molecules: Nicorandil, a potassium 
channel blocker with nitrate function (Imai et al., 1983; Sakai et al., 1983); 
2NTX-99, a thromboxane synthase inhibitor and thromboxane-receptor- 
antagonist (Buccellati et al., 2006); GT-094, an NSAID with NO function 
(Hagos et al., 2008); the antifungal drug ketoconazole with a diazen-1-ium- 
1,2-diolate or an organic nitrate moiety (Konter et al., 2008); NO-donor- 
tacrine hybrids as hepatoprotective anti-Alzheimer drug candidates (Fang 
et al., 2008); the NicOx compound nitroaspirin, reviewed in (Gresele & 
Momi, 2006); NO-releasing celecoxib analogs, inhibitors of inducible cyclo- 
oxygenase (Chowdhury et al., 2010); and a vitamin E analog with NO-donor 
function (Lopez et al., 2007). Probably, we could not list all examples that 
have been published during the past years but our list provides an overview 
of the diversity of NO-hybrids. At present, numerous established pharma- 
ceutical enterprises and start-up companies are interested in the development 
of new hybrid molecules with NO-releasing properties. The idea behind this 
research is to develop new beneficial functions of established drugs or to 
improve known principles of action but also to suppress side effects of 
these drugs. 



VII. Conclusion, Outlook, and Clinical Relevance 



Organic nitrates should not be considered as a homogenous exchange- 
able class of vasodilators since they display a considerable diversity (Gori & 
Daiber, 2009). Especially, GTN induces clinical tolerance, oxidative stress, 
and endothelial dysfunction, side effects which are shared to more or less 
extent with the other nitrates, ISMN and ISDN. ISMN is more likely to 
induce endothelial dysfunction. In contrast, PETN is obviously devoid of 
these adverse side effects. GTN and PETN, both are bioactivated by the 
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FIGURE 1 2 Bioactivation, mitochondrial effects, and mechanisms of vasodilatation induced 
by aminoethyl nitrate (AEN) and other organic nitrates (Schuhmacher et al., 2009). Both the 
highly potent nitroglycerin (GTN) and the less potent TEAN are bioactivated by mitochondrial 
aldehyde dehydrogenase (mtALDH) and produce considerable amounts of mitochondrial reac- 
tive oxygen and nitrogen species (ROS/RNS, most probably peroxynitrite). In contrast, the 
trinitrate metabolite of pentaerithrityl tetranitrate, PETriN, also bioactivated by the mtALDH, 
did not induce mitochondrial oxidative stress. None of the mononitrates were bioactivated by 
mtALDH. Nevertheless, AEN was almost as potent as GTN and much more potent than methyl- 
3-nitrooxypropanoate (NPME), which showed significantly higher vasodilator potency than 
isopropyl nitrate (IPM). None of the mononitrates increased ROS/RNS levels in isolated mito- 
chondria. Whether AEN, NPME, and IPM undergo mitochondrial metabolism remains to be 
established. AEN-induced vasodilatation was attenuated by the NO scavenger 2-phenyl-4,4,5,5- 
tetramethylimidazoline-1-oxyl 3-oxide (PTIO) and the inhibitor of soluble guanylate cyclase, 
NS2028. The lack of effect of miconazol on AEN-induced relaxation makes it unlikely that AEN 
was metabolized by cytochrome P450 enzymes. Attenuation of AEN-induced relaxation by 
allopurinol indicated that XO may be involved in bioactivation of AEN. The original concept 
was published by Bauersachs (2009) and Schuhmacher et al. (2009). 



ALDH-2 and GTN but not PETN cause inactivation of this bioactivating 
pathway. Oxidative stress plays an important role for the development of 
nitrate tolerance and endothelial dysfunction although the extent and the cellu- 
lar source of this oxidative stress differ markedly among the ISMN, ISDN, 
and GTN. In this regard, co-treatment with direct and indirect antioxidants 
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(e.g., ACE inhibitors, statins, hydralazine, or lipoic acid) provides a significant 
step forward since there is not only good evidence for a release of nitrate-induced 
side effects by this antioxidant co-therapy but also mechanistic explanation for 
this beneficial effect: toxic side effects like tolerance, rebound ischemia, and 
endothelial dysfunction are associated with oxidative stress. Without antioxi- 
dant co-therapy, organic nitrates have the potential to evoke clinical-relevant 
side effects, which could justify the development of new organic nitrates with 
intrinsic antioxidant properties. Recently, we and Lehmann have characterized 
a new aminoalkylnitrate, which provided a good compromise between induc- 
tion of nitrate tolerance and vasodilatory potency. Another strategy is based on 
the development of hybrid molecules (e.g., combination of NO-releasing func- 
tion and NSAID in one molecule, see nitroaspirin). There are multiple examples 
for development of these hybrid molecules, which could provide the basis for a 
nitrate with intrinsic antioxidant properties and enhancement of therapeutic 
effects of a given drug. 
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Abbreviations 




AEN 


aminoethyl nitrate 


ALDH-2 


mitochondrial aldehyde dehydrogenase 


DTT 


dithiothreitol 


1,2-GDN 


1,2-glyceryl dinitrate 


GTN 


glyceryl trinitrate (nitroglycerin) 


HO-1 


heme oxygenase 1 


ISDN 


isosorbide dinitrate 


ISMN 


isosorbide-5-mononitrate 


MnSOD 


manganese superoxide dismutase (SOD2, 




mitochondrial isoform) 


PEDN 


pentaerithrityl dinitrate 


PEMN 


pentaerithrityl mononitrate 


PETN 


pentaerithrityl tetranitrate 


PETriN 


pentaerithrityl trinitrate 
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RONS reactive oxygen and nitrogen species 

ROS reactive oxygen species 

sGC soluble guanylyl cyclase 

SOD superoxide dismutase 

SPE/NO spermine NONOate 

TEAN triethanolamine trinitrate 

XO xanthine oxidase 
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Vascular Actions of Adipokines: 
Molecular Mechanisms and 
Therapeutic Implications 



Abstract 



Adipose tissue is a critical regulator of vascular function, which until 
recently had been virtually ignored. Almost all blood vessels are surrounded 
by perivascular adipose tissue, which is actively involved in the maintenance of 
vascular homeostasis by producing "vasocrine" signals such as adipokines. 
Adiponectin and adipocyte fatty acid binding protein (A-FABP), both of which 
are major adipokines predominantly produced in adipose tissue, have recently 
been shown to be pivotal modulators of vascular function. Adiponectin has 
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multiple beneficial effects on cardiovascular health. It prevents obesity-induced 
endothelial dysfunction by inducing nitric oxide production, suppressing 
endothelial cell activation, inhibiting reactive oxygen species and apoptosis, 
and promoting endothelial cell repair. By contrast, A-FABP plays a detrimental 
role in vascular dysfunction and atherosclerosis, mainly by acting as a lipid 
sensor to transmit toxic lipids-induced vascular inflammation through induc- 
tion of endoplasmic reticulum stress. Decreased production of adiponectin 
and/or elevated expression of A-FABP are important contributors to the 
pathogenesis of obesity-induced endothelial dysfunction and cardiovascular 
disease. This chapter highlights recent advances in both clinical investigations 
and animal studies promoting the understanding of the roles of adiponectin 
and A-FABP in the modulation of vascular function, and discusses the possi- 
bilities of using these two adipokines as therapeutic targets to design new drugs 
for preventing vascular disease associated with obesity and diabetes. 



I. Introduction 



As a consequence of overnutrition and sedentary lifestyle, the prevalence 
of overweight and obesity has increased dramatically to an epidemic level 
worldwide. The World Health Organization estimates that globally there are 
over 1.1 billion overweight adults, 300 million of whom are clinically obese, 
defined as having a body mass index of (BMI) > 30 kg/m 2 . Obesity constitu- 
tes the greatest threat to global human health, as it increases the risk of a 
cluster of most common and severe diseases. In particular, obesity is closely 
associated with increased cardiovascular morbidity and mortality, including 
hypertension, stroke, and ischemic heart disease. A report by the Prospective 
Studies Collaboration (PSC), with data from almost 900,000 participants, 57 
prospective studies, and 4 continents, shows that the median survival rate is 
reduced by 8-10 years for those morbidly obese subjects with BMI at 
40-45 kg/m 2 compared to those with normal BMI, primarily due to the 
increased death from vascular disease (Whitlock et al., 2009). 

Although the precise mechanism that links obesity with cardiovascular 
disease remains poorly understood, a growing body of evidence suggests that 
dysfunction of adipose tissue (fat) in obesity plays a central role. Besides its 
role as a depot for energy storage, adipose tissue secretes a large number of 
bioactive molecules (termed as adipokines or adipocytokines) actively 
involved in energy metabolism, insulin sensitivity, and vascular homeostasis 
(Tilg & Moschen, 2006). Most of the adipokines can modulate vascular 
function through their direct actions on the endothelium or by their indirect 
effects on inflammation. In obesity, enlarged adipose tissue is infiltrated with 
activated macrophages, leading to augmented production of various proin- 
flammatory adipokines, such as tumor necrosis factor (TNF)a, interleukin 
(IL)6, monocyte chemoattractant protein (MCP)-l, resistin, leptin, serum 
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amyloid A3, lipocalin-2, and plasminogen activator inhibitor (PAI)-l 
(Shoelson et al., 2007). However, the production of adiponectin, which 
possesses multiple beneficial effects on the endothelial cells, is markedly 
decreased. Aberrant production of these adipokines has now been recognized 
as a key mediator of obesity-induced vascular disorders. This chapter high- 
lights recent advances in the understanding of the role of major adipokines in 
regulating vascular function and explores the potential of these adipokines to 
be therapeutically modulated as a future treatment approach for obesity- 
related cardiovascular disease. 



II. Cross-Talk Between Adipose Tissue and Blood Vessels 



A complex interplay exists between the adipose tissue and the vascula- 
ture. On hand, angiogenesis contributes to adipogenesis, expansion and 
remodeling of adipose tissue through multiple mechanisms, in order to 
supply nutrients, growth factors, and circulating stem cells, and to facilitate 
the infiltration of monocytes and neutrophils (Cao, 2010). On the other 
hand, virtually all blood vessels are surrounded by a layer of perivascular 
adipose tissue (PVAT), which exerts profound effects on vascular functions 
(Rajsheker et al., 2010). A unique feature of PVAT is that adipocytes are not 
separated from the blood vessel wall by a fascial layer, but encroach into the 
adventitial region, thus allowing factors secreted from PVAT readily access 
into blood vessels (Chatterjee et al., 2009). 

PVAT modulates vascular function through several mechanisms, includ- 
ing inflammation, modulation of vascular tone, and proliferation of smooth 
muscle cells (Rajsheker et al., 2010.). In humans, the infiltration of inflam- 
matory cells in the PVAT surrounding atherosclerotic aortae is markedly 
increased compared to those from healthy individuals, and this change is 
associated with an elevated expression of inflammatory genes (Mazurek 
et al., 2003). In animal studies, balloon injury of porcine coronary arteries 
induces inflammation extending into the adventitia and the PVAT (Okamoto 
et al., 2001). These findings suggest that PVAT is highly inflamed in the 
setting of both vascular injury and atherosclerosis. 

The effects of PVAT on vascular reactivity have been extensively investi- 
gated in the past decade. Since the first report in 1 99 1 , it has been widely accepted 
that healthy PVAT possesses anticontractile activity, by releasing adipocyte- 
derived relaxing factors ( ADRF), which activate potassium channels in vascular 
smooth muscle cells and thereby inhibit vasoconstriction to various agonists 
including phenylephrine, serotonin, angiotensin II, and U46619 (a thrombox- 
ane A2 mimic) (Gao, 2007). In addition, PVAT also enhances endothelium- 
dependent vasodilatation by increasing the release of nitric oxide. Although 
ADRF was initially identified in conduit vessels, a similar PVAT-dependent 
vasodilator response has also been detected in small mesenteric arteries of the 
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rat (Verlohren et al., 2004). Notably, the anticontractile activity of mesenteric 
adipose tissue is diminished in spontaneously hypertensive rats, suggesting that 
impaired functions of PVAT may contribute to hypertension in this animal 
model (Galvez et al., 2006). Consistent with these animal findings, a study in 
humans demonstrates that PVAT from healthy individuals exerts anticontractile 
activity on small arteries by increasing nitric oxide bioavailability (Greenstein 
et al., 2009). However, this anticontractile activity of PVAT is lost in obese 
subjects, primarily due to an increase in inflammation and oxidative stress. 

In addition to releasing ADRF, PVAT also promotes vasoconstriction by 
producing vasoconstrictors (namely adipose tissue-derived constricting fac- 
tor, ADCF) (Gao, 2007). The ADCF-dependent vasoconstriction is mediated 
by reactive oxygen species (ROS) and is blocked by inhibitors of NADPH 
oxidase. Taken together, these findings suggest that PVAT plays a dual 
regulatory role in modulating vascular tone, attenuating vasoconstriction 
to agonists by ADRF and promoting vasoconstriction by ADCF. In obesity, 
dysfunction of adipose tissue and local inflammation results in impaired 
production of ADCF and elevated release of ADCF, thereby leading to 
endothelial dysfunction and hypertension (Gao, 2007). Nevertheless, the 
identity of these factors has yet to be established. 



III. Modulation of Vascular Function by Adipokines 



Since the discovery of leptin in 1994, the role of adipose tissue as an 
endocrine organ has been extensively studied in animal models as well as in 
humans (Tilg & Moschen, 2006). It is now well established that adipokines 
released from adipose tissue are the key component of the "adipo-vascular 
axis," actively participating in the maintenance of vascular homeostasis by 
either their direct actions on the vasculature, or their indirect effects on insulin 
sensitivity and inflammation (Goldstein & Scalia, 2007). The majority of adi- 
pokines such as leptin, TNFa, interleukin-1/J, PAI-1, and adipocyte fatty acid 
binding protein (A-FABP) possess proinflammatory properties and exert detri- 
mental effects on vascular function. Only few adipokines, especially adiponec- 
tin, possess anti-inflammatory and vasculo-protective properties. Discordant 
production of adipokines in adipose tissue has been proposed as a key mediator 
that links obesity to vascular dysfunction. Among several dozens of adipokines 
identified so far, adiponectin and A-FABP have attracted attention due to their 
potential as therapeutic targets for treating obesity-related vascular disease. 

A. Adiponectin: As a Vasculo-protective Adipokine 
/. Structural Features of Adiponectin 

Human adiponectin is composed of 247 amino acid residues, including 
the N-terminal hyper-variable region, followed by a conserved collagen-like 
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domain comprising 22 Gly-X-Y repeats and a COOH-terminal Clq-like 
globular domain (Wang et al., 2008). In the circulation, adiponectin is 
present predominantly as three distinct oligomeric complexes (Waki et al., 
2003; Xu et al., 2005). The monomeric form of adiponectin has never been 
detected under native conditions. The basic building block of adiponectin is a 
tightly associated homotrimer, which is formed via hydrophobic interactions 
within its globular domains. Two trimers self-associate to form a disulfide- 
linked hexamer, which further assembles into a bouquet-like higher molecu- 
lar weight (HMW) multimeric complex that consists of 12-18 protomers 
(Tsao et al., 2003 ). The assembly of hexameric and HMW forms of adiponec- 
tin depends on the formation of a disulfide bond mediated by an NH 2 -terminal 
conserved cysteine residue within the hyper-variable region. Mutation of 
this cysteine to either alanine or serine leads exclusively to trimer formation 
(Pajvani et al., 2003; Tsao et al, 2003). 

Different oligomers of adiponectin possess distinct biological activities. 
The trimeric adiponectin is the most potent form involved in its insulin- 
sensitizing actions in skeletal muscle (Tsao et al., 2003). However, the 
HMW oligomeric complex of the adipokine is the major bioactive form 
responsible for inhibition of hepatic glucose production (Pajvani et al., 
2003; Wang et al., 2006b) and protection of endothelial cells from apoptosis 
(Kobayashi et al., 2004). In humans, the oligomeric complex distribution, 
but not the absolute amount of total adiponectin, determines insulin sensitiv- 
ity (Trujillo & Scherer, 2005). 

Adiponectin is extensively modified at the posttranslational level during 
its secretion from adipocytes (Wang et al., 2008). Several highly conserved 
lysine and proline residues within the collagen-like domain are hydroxylated. 
Hydroxylysine residues at positions 68, 71, 80, and 104 are further glycosy- 
lated by a glucosyl a( 1-2 galactosyl group (Wang et al., 2004). These post- 
translational modifications appear to be important for the formation of the 
HMW oligomeric complex of adiponectin. Depletion of hydroxylation and 
glycosylation by mutation of the four conserved lysines to arginines abrogate 
the intracellular assembly of the HMW oligomers in vitro as well as in vivo 
(Wang et al., 2006b). 

Another type of posttranslational modification on adiponectin is succi- 
nation, a process where 5-(2-succinyl)cysteine is formed by the nonenzymatic 
reaction of fumarate with cysteine residues (Frizzell et al., 2009). Adiponectin 
is succinated on Cys36, thereby blocking its oligomerization through inhibi- 
tion of disulfide bond formation. Notably, the extent of succination on 
adiponectin is elevated in diabetes, suggesting that this modification may 
contribute to impaired adiponectin secretion in obesity-related disorders. 

Adiponectin is also modified by a a-2,8-linked disialic acid moiety 
(Neu5Aca2^8Neu5Aca2-3Gal) (Sato et al., 2001). This modification 
occurs on O-linked glycans situated on Thr residues within the hypervariable 
region (Richards et al., 2010). Loss of sialylation has no effect on adiponectin 
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oligomerization, secretion, or activity, but causes its rapid clearance from the 
circulation, suggesting a role for this modification in determining the half-life 
of circulating adiponectin. 

2. Multiple Functions of Adiponectin 

The role of adiponectin as an important metabolic regulator has been 
extensively studied in the past decade (Berg et al., 2001; Fruebis et al., 2001; 
Yamauchi et al., 2001). It is now widely accepted that adiponectin is an 
insulin-sensitizing adipokine with multiple beneficial effects on glucose and 
lipid homeostasis, through activation of AMP-activated protein kinase 
(AMPK). In addition to its role as an insulin sensitizer, adiponectin can 
protect against almost all the major obesity-related disorders, including 
hypertension (Ohashi et al., 2006), atherosclerosis (Okamoto et al., 2002), 
nonalcoholic fatty liver disease (NAFLD), steatohepatitis (NASH) (Xu et al., 
2003), coronary heart disease (Shibata et al., 2005), airway inflammation 
(Shore et al., 2006), and several types of cancers (Wang et al., 2006a, 2007). 

Adiponectin exerts its pleiotropic beneficial effects through its direct 
actions on multiple target tissues. In skeletal muscles, adiponectin reduces 
lipid accumulation by enhancing fatty acid p-oxidation and increases glucose 
uptake (Fruebis et al., 2001; Yamauchi et al., 2001). In the liver, adiponectin 
inhibits both gluconeogenesis and lipogenesis, resulting in alleviation of 
hyperglycemia and hepatic steatosis (Berg et al., 2001; Wang et al., 2002; 
Xu et al., 2003, 2004). In addition, adiponectin ameliorates NASH and liver 
fibrosis by inhibiting the activation of both Kupffer cells and hepatic stellate 
cells (Ding et al., 2005; Thakur et al., 2006). The protective effects of 
adiponectin against myocardial infarction are attributed to its inhibition of 
local TNFa production and cardiomyocyte apoptosis induced by ischemia/ 
reperfusion injury (Shibata et al., 2005). 

3. Vascular Actions of Adiponectin 

The beneficial effects of adiponectin on the vasculature have been docu- 
mented in both clinical investigations and animal studies (Zhu et al., 2008). 
At the cellular level, adiponectin protects against vascular dysfunction through 
its actions in almost all the major types of cells in the vasculature, including 
endothelial cells, smooth muscle cells, platelets, leucocytes, and macrophages. 

a. Hypoadiponectinemia and Vascular Diseases in Humans Unlike most other 
adipokines, circulating levels of adiponectin are decreased in obese indivi- 
duals and patients with type 2 diabetes and cardiovascular disease (Zhu 
et al., 2008). Low level of serum adiponectin (hypoadiponectinemia) is a 
significant predictor of endothelial dysfunction in both peripheral and coro- 
nary arteries, independent of the index of insulin resistance, adiposity, and 
hyperlipidemia (Tan et al., 2004; Torigoe et al., 2007). In addition, hypoa- 
diponectinemia is an independent risk factor for hypertension (Chow et al., 
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2007; Ryo et al., 2004). Patients with essential hypertension have significant- 
ly lower concentrations of plasma adiponectin compared to normotensive 
healthy subjects, even after adjustment for confounding factors by multiple 
regression analysis (Mallamaci et al., 2002). However, in a study of 981 70- 
year-old Caucasians, serum levels of adiponectin were found to be positively 
associated with several measures of vascular function, including plaque 
grayscale median (indicating lower fat content in the plaques) and carotid 
artery distensibility (indicating higher wall elasticity), and this was indepen- 
dent of potential confounders (Gustafsson et al., 2010). 

The inverse correlation between circulating adiponectin levels and carot- 
id intima-media thickness (IMT, a marker of subclinical atherosclerosis) has 
been reported in both healthy subjects and diabetic patients (Zhu et al., 
2008). Hypoadiponectinemia is also a predictor for coronary artery disease, 
acute coronary syndrome, myocardial infarction, and ischemic cerebrovas- 
cular disease, independently of classical cardiovascular risk factors (Szmitko 
et al., 2007). In another nested case-control study in 18,225 male partici- 
pants without a previous history of cardiovascular disease, high plasma levels 
of adiponectin were associated with a significantly reduced risk of myocar- 
dial infarction over a follow-up period of 6 years (Pischon et al., 2004), 
independently of hypertension, diabetes, or inflammation. Taken together, 
these clinical data suggest an etiological role of adiponectin deficiency in the 
development of various vascular diseases in humans. 

b. Vasculo-Protective Effects of Adiponectin in Animals In line with the afore- 
mentioned clinical observations, both loss-of-functional and gain-of-functional 
studies in various animal models have consistently demonstrated that adiponec- 
tin has protective effects against endothelial dysfunction (Shimabukuro et al., 
2003), atherosclerosis (Lam & Xu, 2005), hypertension (Ohashi et al., 2006), 
retinopathy (Higuchi et al., 2009), and cerebral ischemic injury (Nishimura 
et al., 2008). Adiponectin knockout mice displayed a significantly increased 
neointimal hyperplasia after carotid injury (Matsuda et al., 2002), an impaired 
endothelium-dependent vasodilatation (Ouchi et al., 2003b), and elevated sys- 
temic blood pressure (Shimabukuro et al, 2003), and pulmonary hypertension 
(Summer et al., 2009), as well as an increased susceptibility to myocardial 
infarction (Shibata et al, 2005), and ischemic brain injury (Nishimura et al., 
2008). By contrast, elevation of circulating adiponectin by either genetic or 
pharmacological approaches led to a marked alleviation of atherosclerotic 
lesions in apoE mice (Okamoto et al., 2002) and in a rabbit model with 
spontaneous atherosclerosis (Li et al., 2007), and also caused a significant 
improvement in endothelial dysfunction, hypertension, retinopathy, heart fail- 
ure, and diabetic cardiomyopathy (Higuchi et al, 2009; Zhu et al, 2008). 

c. Pleiotropic Actions of Adiponectin on the Endothelium Endothelium plays a 
central role in maintaining vascular homeostasis by secreting a large number 
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of bioactive molecules involved in the modulation of vascular reactivity. 
Endothelial dysfunction is the earliest change in several types of vascular 
diseases such as hypertension and atherosclerosis (Feletou & Vanhoutte, 
2006; Vanhoutte, 1997; Vanhoutte et al., 2009; Zhu et al., 2008). Recent 
data obtained from both animal and cell culture studies demonstrate that the 
vasculoprotective effects of adiponectin can be attributed to its multiple 
actions on endothelial cells (Fig. 1), as summarized below. 

i. Stimulation of Nitric Oxide (NO) Production Adiponectin increases 
NO production in several types of cultured endothelial cells as well as in rodent 
models, through activation of eNOS (Chen et al., 2003; Cheng et al., 2009; 
Hattori et al., 2003). It induces eNOS phosphorylation at Ser 1177 and also 
promotes the association between eNOS and heat shock protein 90 (HSP90), 
a complex required for the maximal activation of the enzyme. 
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FIGURE I The signaling pathways underlying the multiple actions of adiponectin in 
endothelial cells. 
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Adiponectin-mediated activation of eNOS follows that of AMPK (Cheng 
et al., 2007). It facilitates the interaction between its two receptors (adipoRl 
and adipoR2) with APPL1, a multiple domain adaptor protein that transmits 
adiponectin signaling from the receptor to AMPK (Cheng et al., 2007). 
Suppression of APPL1 expression by RNAi attenuates adiponectin-induced 
phosphorylation of AMPK at Thr 172 and eNOS at Ser 1177 , and inhibits the 
complex formation between eNOS and HSP90, resulting in a marked 
attenuation of NO production in endothelial cells. Overexpression of a 
constitutively active form of AMPK alone is sufficient to stimulate eNOS 
activation and NO production, even when APPL1 expression is suppressed, 
suggesting that AMPK acts downstream of APPL1 and is directly 
responsible for both eNOS phosphorylation and its interaction with 
HSP90. However, the detailed signaling events that link APPL1 with 
AMPK activation remain to be defined. APPL1 may promote the transloca- 
tion of LKB1 from the nucleus to the cytosol, thereby increasing the accessi- 
bility of LKB1 to its downstream kinase AMPK for further activation (Zhou 
et al., 2009). 

ii. Suppression of Endothelial Cell Inflammation Adiponectin exerts 
its anti-inflammatory activities on endothelial cells by inhibiting both TNF-a 
and resistin-induced expression of adhesion molecules and interleukin 8, 
which in turn results in the attenuation of monocyte attachment to endothe- 
lial cells (Kobashi et al., 2005). In both apoE~'~ mice and a rabbit model of 
atherosclerosis, ementation with adiponectin decreases the expression of 
adhesion molecules in the aorta (Li et al., 2007; Okamoto et al., 2002). 
The anti-inflammatory effects of adiponectin on endothelial cells are possibly 
mediated by protein kinase A (PKA)-dependent suppression of nuclear factor- 
kappa B (NF-kB) activation (Ouchi et al., 2000). 

Hi. Inhibition of Oxidative Stress Adiponectin, by suppressing NAD 
(P)H oxidase, inhibits the production of ROS in endothelial cells induced by 
both high glucose and oxidized-low-density lipoprotein (LDL) (Motoshima 
et al., 2004; Ouedraogo et al., 2006). Consistent with these in vitro findings, 
clinical studies report a negative association between plasma levels of adipo- 
nectin and markers of oxidative stress (e.g., urinary 8-epi-prostaglandin-F2a) 
(Zhu et al., 2008). 

The suppressive effect of adiponectin on endothelial ROS accumulation 
appears to be mediated by PKA, but not AMPK. Indeed, pretreatment of 
endothelial cells with the cAMP-dependent PKA inhibitor H-89, but not 
the AMPK inhibitor compound C, abrogated the suppression by adiponectin 
of high glucose-induced ROS production (Ouedraogo et al., 2006). 
Furthermore, activation of cAMP signaling with forskolin or dibutyryl-cAMP 
mimicked the effects of adiponectin in decreasing ROS production, while 
activation of AMPK by its chemical activator AICAR had little effect. 



238 Xu et at. 

iv. Suppression of the Leukocyte-Endothelium Interaction Adiponectin 
inhibits the leukocyte-endothelium interaction, an important step in the 
pathogenesis of both macrovascular and microvascular disease. In the 
microcirculation of adiponectin knockout mice, the rolling and adhesion of 
leukocytes is markedly elevated compared to wild-type littermates 
(Ouedraogo et al., 2007). The changes in the adiponectin knockout mice 
are accompanied by a significantly reduced NO level and an elevated expres- 
sion of E-selectin and VCAM-1 in the endothelium. On the other hand, 
systemic administration of recombinant adiponectin to adiponectin knock- 
out mice restores endothelial NO to a physiological level and suppresses the 
expression of the adhesion molecules, leading to decreased leukocyte- 
endothelium interactions (Ouedraogo et al., 2007). The suppressive effects 
of adiponectin on leukocyte adhesion and adhesion molecule expression 
are abolished by the eNOS inhibitor N^-nitro-L-arginine methyl ester 
(l-NAME), suggesting that the eNOS/NO signaling cascade is indispensible 
for this activity. 

v. Antiapoptotic Activities Adiponectin inhibits apoptosis and cas- 
pase-3 activity in human umbilical vein endothelial cells (HUVEC), by acti- 
vation of the AMPK signaling pathway (Kobayashi et al., 2004). In addition, 
globular adiponectin prevents angiotensin II-induced apoptosis of bovine 
endothelial cells by restoring eNOS-HSP90 interaction and eNOS activation 
(Lin et al., 2004). 

d. Adiponectin Actions on Endothelial Progenitor Cells Endothelial progenitor 
cells (EPCs) are now recognized as an important contributor to endothelial 
repair following vascular damage (Kawamoto & Losordo, 2008). In 
response to stimuli such as tissue ischemia, EPCs can be mobilized into the 
bloodstream, and then home or migrate toward the area of vascular damage, 
where they adhere, proliferate, and differentiate into mature endothelium, 
thereby leading to reendothelialization and neovascularization. Deceased 
numbers and/or impaired function of EPCs are causally associated with 
endothelial dysfunction and cardiovascular disease (Fadini et al., 2007). 

Both clinical and animal studies suggest that adiponectin promotes 
endothelial repair by increasing the functionality of EPCs. In humans, plasma 
levels of adiponectin correlate positively with the number of circulating EPCs 
(Matsuo et al., 2007). In adiponectin knockout mice, the mobilization of 
EPCs from the bone marrow into the bloodstream is abrogated in response to 
hindlimb ischemia (Shibata et al., 2008), and this change is associated with 
impaired angiogenesis and vascular repair in the injured area (Ouchi et al., 
2003a). By contrast, replenishment with recombinant adiponectin increases 
EPC mobilization and promotes endothelial repair after vessel injury 
(Shibata et al., 2008). In vitro studies demonstrate that adiponectin enhances 
proliferation and migration of EPCs isolated from human peripheral blood 



Modulation of Vascular Homeostasis by Adipokines 239 

(Shibata et al., 2008), and also promotes the differentiation of EPCs into 
tube-like structures (Nakamura et al., 2009; Werner et al., 2007). In addi- 
tion, adiponectin reverses diabetes-induced impairment in vascular recruit- 
ment of EPCs through the AMPK signaling cascade (Sambuceti et al., 2009). 

e. Adiponectin as a Potential Candidate ofADRF Adiponectin might be one 
of the long sought-after ADRFs that mediate the anticontractile activity of 
PVAT. In humans and rodents, the secretion of adiponectin from obese 
PVAT is significantly decreased compared to that from lean individuals 
(Chatterjee et al., 2009), and this change is associated with a compromised 
anticontractile activity of PVAT (Greenstein et al., 2009). Healthy adipose 
tissue around human small arteries secretes factors that influence vasodilata- 
tion by increasing nitric oxide bioavailability (Greenstein et al., 2009). How- 
ever, this effect is abolished by incubation with a soluble adiponectin type 1 
receptor-blocking fragment (Greenstein et al., 2009), suggesting that in 
human subcutaneous adipose tissue, adiponectin is the predominant media- 
tor of the vasodilatation. This conclusion is further reinforced by similar 
findings in the rat, in which adiponectin, if released adjacent to a small artery 
by perivascular adipocytes, induces vasodilatation (Greenstein et al., 2009). 
In contrast to these findings, another study on Sprague-Dawley rats and 
adiponectin knockout mice concludes that adiponectin acts as a humoral 
vasodilator, but not as the ADRF responsible for the anticontractile activity 
of PVAT (Fesus et al., 2007). 

f. Effects of Adiponectin on Smooth Muscle Cells Adiponectin inhibits both 
proliferation and migration of smooth muscle cells induced by several ath- 
erogenic growth factors, including heparin-binding epidermal growth factor- 
like growth factor, platelet-derived growth factor (PDGF)-BB, and basic 
fibroblast growth factor (Wang et al., 2005; Zhu et al., 2008). These inhibi- 
tory effects of adiponectin are primarily attributed to its oligomerization- 
dependent interaction with the atherogenic growth factors, subsequently 
leading to the blockade of their binding to the respective cell membrane 
receptors (Wang et al., 2005). Adiponectin-deficient mice exhibit enhanced 
proliferation of vascular smooth muscle cells and increased neointimal 
thickening after mechanical injury (Kubota et al., 2002). By contrast, adeno- 
virus-mediated expression of adiponectin in these mice attenuated the extent 
of neointimal proliferation (Okamoto et al., 2002). 

B. A-FABP: An Inflammatory Mediator Linking Obesity 
and Vascular Disease 

A-FABP, also termed aP2 and FABP4, is one of the most abundant 
proteins in mature adipocytes, accounting for approximately 6% of 
the total cellular protein (Makowski & Hotamisligil, 2004). In addition, 
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A-FABP is expressed in macrophages (Kazemi et al., 2005; Pelton et al., 
1999), a major source of proinflammatory cytokines in obese adipose tissue. 
The endogenous ligands of A-FABP includes oleic acid, retinoic acid, arachi- 
donic acid, and 15-deoxy-A 12 ' 14 -prostaglandin J 2 (Hoo et al., 2008). Upon 
association with its ligands, A-FABP can translocate from the cytosol to the 
nucleus, where it delivers the ligands to the nuclear receptor peroxisome 
proliferator-activated receptor y (PPAR}>), thereby enhancing the transcrip- 
tional activity of the receptor (Furuhashi & Hotamisligil, 2008). A-FABP 
appears to be an important player in lipolysis, as both basal (Coe et al., 1999) 
and hormone-stimulated lipolysis in response to P-adrenergic activation 
(Scheja et al., 1999) is impaired in A-FABP knockout mice. The stimulatory 
effect of A-FABP on lipolysis is mediated by its physical interaction with 
hormone-sensitive lipase (HSL). A-FABP knockout mice are partially pro- 
tected from insulin resistance induced by dietary and genetic obesity, suggest- 
ing that this lipid chaperone is also involved in regulating insulin sensitivity 
(Furuhashi & Hotamisligil, 2008). 

In addition to its role in lipid metabolism and insulin sensitivity, both 
clinical investigations and animal studies suggest that A-FABP is a central player 
in mediating obesity-related vascular disease, primarily by inducing insulin 
resistance and potentiating lipids-induced inflammation (Hoo et al., 2008). 

/. Circulating A-FABP as a Risk Factor of Cardiovascular Disease 
in Humans 

Although A-FABP was initially identified as a cytoplasmic protein, this 
protein is also released from adipose tissue into the bloodstream in humans 
(Xu et al., 2006). A-FABP concentrations in human plasma range from 10 to 
50 ng/mL, a level that is much higher than that of several other major 
adipokines secreted from adipose tissue, including leptin, TNF-a, and IL6. 
Plasma levels of A-FABP correlate positively with measures of adiposity 
(BMI, waist-hip ratio, waist circumference, and fat percentage), suggesting 
that adipose tissue is the predominant contributor of A-FABP in the circula- 
tion (Xu et al., 2006). An elevated circulating level of A-FABP in obese 
individuals has also been reported in several different ethnic groups (Hsu 
et al., 2010; Stejskal & Karpisek, 2006). However, weight loss by gastric 
banding surgery reduces circulating levels of A-FABP in obese subjects 
(Haider et al., 2007). Epidemiological studies demonstrate a close association 
between serum levels of A-FABP and a cluster of obesity-related cardio- 
metabolic risk factors, endothelial dysfunction, and macrovascular compli- 
cations of diabetes. 

First, circulating levels of A-FABP are closely correlated with several key 
features of the metabolic syndrome, including adverse lipid profiles (increased 
serum triglyceride and LDL-cholesterol, and decreased HDL-cholesterol), 
hyperglycemia, and hypertension, independently of sex, age, and adiposity 
(Hsu et al., 2010 ; Mohlig et al, 2007; Stejskal & Karpisek, 2006; Xu et al., 
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2007). A 5-year prospective study including 495 nondiabetic adults demon- 
strates that individuals with higher A-FABP levels at baseline have a progres- 
sively worse cardiometabolic risk profile and an increasing risk of metabolic 
syndrome (Xu et al., 2007). The baseline A-FABP levels predict the develop- 
ment of the metabolic syndrome during the 5-year follow-up, independently of 
adiposity, insulin resistance, and other classical risk factors (Xu et al., 2007). In 
addition, circulating levels of A-FABP are positively associated with the patho- 
genesis of nonalcoholic fatty liver disease, which is now recognized as the 
hepatic manifestation of metabolic syndrome (Milner et al, 2009). 

Second, the circulating level of A-FABP is a strong predictor of diabetes 
in a 10-year follow-up study, independently of the traditional risk factors 
including obesity, insulin resistance, or glycemic indices (Tso et al., 2007). 

Third, circulating levels of A-FABP are independently associated with 
measures of endothelial dysfunction (Xiao et al., 2010), coronary atheroscle- 
rotic burden (Miyoshi et al., 2010), and various types of cardiovascular disease 
(Rhee et al., 2009; Yeung et al., 2007). In addition, serum levels of A-FABP 
augment as the numbers of stenotic vessel increase from normal to three-vessel 
disease, suggesting an etiological role of A-FABP in coronary artery disease 
(Rhee et al., 2009). Another cross-sectional study including 237 diabetic 
patients demonstrates that serum A-FABP is independently associated with 
diabetic nephropathy staging, and is markedly elevated in patients with macro- 
vascular complications of the disease (Yeung et al., 2009). 

Finally, the serum level of A-FABP is positively correlated with those of 
lipocalin-2 and hsCRP, two inflammation markers related to atherosclerosis 
(Xu et al., 2007). By contrast, A-FABP levels correlate inversely with those of 
adiponectin (Xu et al., 2007). Taken in conjunction, these clinical observa- 
tions suggest that A-FABP is a proinflammatory factor that links obesity with 
vascular disease. 

2. A-FABP as a Mediator of Atherosclerosis in Animals 

Consistent with the clinical observations, animal studies also support an 
etiological role of A-FABP in vascular disease (Furuhashi &c Hotamisligil, 
2008). Targeted disruption of the A-FABP gene causes a marked reduction of 
atherosclerotic lesions along the whole aorta in apoE~'~ mice whether fed 
standard chow (Makowski et al., 2001) or a hypercholesterolemic Western 
diet (Boord et al., 2002). When mice are challenged with a high-fat athero- 
genic Western diet for 1 year, the survival rate of apoE - ~ mice null for 
A-FABP is 67% higher than those of apoE~ - control mice, primarily due to 
the increased stability of the atherosclerotic plaques (Boord et al., 2004). 
Likewise, pharmacological inhibition of the action of A-FABP also renders a 
signifcant protection against atherosclerotic plaque formation in apoE~ ; ~ 
mice (Erbay et al., 2009; Furuhashi et al., 2007). 

The proatherogenic role of A-FABP is mediated by its direct actions on 
macrophages, independently of lipid metabolism and insulin sensitivity 
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(Hoo et al., 2008). This conclusion is supported by the finding that bone- 
marrow transplantation of A-FABP~ 7 ~ macrophages into apoE~ /_ mice 
reduces the size of atherosclerotic lesions to a level comparable to that 
observed in apoE~'~ mice with total A-FABP deficiency, suggesting that the 
macrophage-specific actions of A-FABP are the predominant contributor to 
atherosclerotic plaque formation (Makowski et al., 2001). A-FABP expres- 
sion in macrophages is induced by several atherogenic and proinflammatory 
factors, such as oxidized LDL (Fu et al., 2000), saturated free fatty acids and 
Toll-like receptor activators (Kazemi et al., 2005), and is suppressed by the 
cholesterol-lowering statins (Llaverias et al., 2004). Adenovirus-mediated 
overexpression of A-FABP in human macrophages can induce foam 
cell formation by increasing intracellular cholesterol ester accumulation 
(Fu et al., 2002). By contrast, depletion of A-FABP expression in macro- 
phages prevents oxidized LDL-induced foam cell formation by increasing 
cholesterol efflux, and also inhibits IkB kinase/NF-KB activity, resulting in 
suppression of inflammatory functions including reduced expression of both 
cyclooxygenase-2 and inducible nitric oxide synthase as well as impaired 
production of proinflammatory cytokines (Makowski et al., 2001, 2005). 
Incubation of macrophages with a chemical inhibitor of A-FABP decreases 
the production of inflammatory cytokines in a way similar to that observed in 
A-FABP-deficient macrophage cells (Furuhashi et al., 2007). 

3. A Positive Feedback Regulation Between A-FABP and JNK 

C-Jun N-terminal kinases (JNK) is a central mediator of obesity-related 
pathologies, including insulin resistance, type 2 diabetes, and vascular dys- 
function (Hirosumi et al., 2002; Sabio et al., 2008). In apoE~'~ mice, JNK is 
selectively activated in the atherosclerotic lesion area (Ricci et al., 2004). 
Genetic ablation of JNK2 (one of the three JNK isoforms) protects apoE 
mice from developing high cholesterol diet-induced atherosclerosis, and also 
prevents hypercholesterolemia-induced endothelial dysfunction and oxida- 
tive stress in the aorta (Osto et al., 2008). 

A-FABP may potentiate vascular inflammation by forming a positive 
feedback loop with JNK and activator protein-1 (AP-1) (Hui et al, 2010). 
Indeed, in response to proinflammatory stimuli, activated JNK in macrophages 
increases A-FABP expression by inducing the phosphorylation of c-Jun, which 
in turn binds to a highly conserved AP-1 cz's-element within the A-FABP gene 
promoter and enhances the gene transcription. Vice versa, elevated A-FABP 
potentiates JNK phosphorylation and subsequent activation of the AP-1 com- 
plex, leading to elevated production of proinflammatory cytokines (Hui et al., 
2010). Interestingly, pharmacological inhibition of A-FABP not only reduces 
JNK phosphorylation and AP-1 activity but also decreases A-FABP expression 
by suppressing transcriptional activation of the gene promoter, suggesting the 
existence of an autoregulatory mechanism that tightly controls the feedback 
loop between A-FABP, JNK, and its downstream target c-Jun. 
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The reciprocal regulation between A-FABP and JNK is also supported by 
animal studies demonstrating that genetic or pharmacological inhibition of 
A-FABP suppresses JNK activity in adipose tissue of obese mice as well as in 
atherosclerotic lesion areas of apoE _/ ~ mice (Erbay et al., 2009; Furuhashi 
et al., 2007). By contrast, genetic inhibition of JNK reduces A-FABP expres- 
sion in obese adipose tissue. 

4. A-FABP as a Lipid Sensor to Induce Cellular Stress 

Endoplasmic reticulum (ER) stress, initiated by protein overload or 
malfolding, has been proposed as a central player in mediating obesity- 
related inflammation, insulin resistance, and vascular disorders by activation 
of JNK (Hotamisligil, 2010). In both humans and mice, ER stress is present in 
obese adipose tissue as well as in macrophages of atherosclerotic plaques 
(Ozcan et al., 2004). Alleviation of ER stress by either genetic or chemical 
approaches prevents obesity-induced inflammation and insulin resistance, 
and also ameliorates atherosclerosis in apoE~'~ mice (Erbay et al., 2009; 
Ozcan et al., 2006). 

A-FABP is an obligatory mediator coupling toxic lipids to ER stress and 
inflammation in macrophages in vitro and in vivo (Erbay et al., 2009). 
In macrophages, toxic lipids (such as palmitate) induce A-FABP expression 
and concurrently mitigate ER stress, leading to JNK activation. In apoE~ A 
mice, both ER stress and A-FABP expression coexist in macrophages of the 
atherosclerotic lesion areas (Erbay et al., 2009). Genetic depletion of A-FABP 
or chemical inhibition of this lipid chaperone leads to alleviation of ER 
stress and attenuation of JNK activation, thereby reducing atherosclerosis. 
Similarly, attenuation of ER stress using the chemical chaperone 4-phenyl- 
butyric acid (PBA) also prevents toxic lipids-induced inflammation in macro- 
phages and reduces atherosclerosis in apoE mice. Further analysis using a 
lipidomics strategy led to the discovery of steroyl CoA desaturase-1 (SCD1) 
as an intermediate component that couples A-FABP to ER stress. SCD1 
activity converts toxic saturated lipids to bioactive monounsaturated lipid 
moieties, leading to alleviation of lipid-induced ER stress (Erbay et al., 2009). 
A-FABP suppresses SCD1 expression by inhibiting the nuclear receptor LXR- 
a, thereby leading to accumulation of saturated toxic lipids and ER stress. 
Taken in conjunction, these findings uncover a novel signaling cascade from 
A-FABP to ER stress, inflammation, and finally atherosclerosis (Fig. 2). 



IV. Adiponectin and A-FABP as Therapeutic Targets for 
Vascular Diseases 

Because decreased adiponectin production and enhanced A-FABP 
expression in adipose tissue are causally associated with obesity-related 
inflammation and vascular dysfunction, both adipokines represent promising 
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FIGURE 2 A-FABP acts as a lipid sensor mediating toxic lipids-induced inflammation 
through ER stress in macrophages. In obesity, toxic lipids (such as palmitate) released from 
adipose tissue bind to A-FABP and also induce A-FABP expression, which in turn suppresses 
SCD1 expression via inhibition of LXR-ot, consequently leading to impaired production of 
monounsaturated lipids and ER stress. ER stress induces JNK activation and inflammation in 
macrophages, resulting in vascular dysfunction and atherosclerosis. 



therapeutic targets for designing novel drugs to treat cardiovascular disease 
associated with obesity and diabetes. 



A. Elevation of Adiponectin Production 

Many currently available therapies for cardiovascular diseases, such as 
life style modifications, caloric restriction, pharmacological and dietary inter- 
ventions, increase plasma levels of adiponectin in rodents and/or humans 
(Zhu et al., 2008). In particular, the PPAR}> agonists thiazolidinediones 
(TZDs), a class of antidiabetic drugs that also possess vasculoprotective 
and anti-inflammatory properties, increase adiponectin production in both 
humans and rodents (Combs et al., 2001; Iwaki et al., 2003; Yamauchi et al., 
2001). In diabetic patients, TZDs-mediated increases in adiponectin, espe- 
cially its HMW oligomeric complexes, correlate well with the improvement 
in insulin sensitivity (Pajvani et al., 2004). Several beneficial effects of TZDs, 
such as insulin sensitization (Kubota et al., 2006), cardioprotection following 
myocardial infarction and antioxidative stress (Tao et al., 2010), are abro- 
gated in adiponectin knockout mice, suggesting an indispensible role of 
adiponectin in this process. 

Renin-angiotensin system blocking drugs, including angiotensin-con- 
verting-enzyme inhibitors (ACEIs) and angiotensin II receptor blockers 
(ARBs), also increase plasma adiponectin levels in humans (Clasen et al., 
2005; Furuhashi et al., 2003; Koh et al., 2004, 2005). Losartan alone or in 
combination with simvastatin significantly leads to a significant elevation of 
plasma levels of adiponectin in hypertensive patients. In addition, several 
other drugs with either antidiabetic and/or vasculoprotective properties, 
including glimepiride (a glucose-lowering agent), nebivolol (a P-adrenergic 
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blocker), and rimonabant (a cannabinoid CB1 receptor antagonist), also 
increase the plasma adiponectin concentration in humans (Zhu et al., 
2008). Furthermore, increased plasma levels of adiponectin are observed in 
humans or rodents receiving dietary fish oils, which possess beneficial effects 
on cardiovascular health (Zhu et al., 2008). However, whether the beneficial 
effects of these agents on cardiovascular disease are mediated by adiponectin 
remains to be demonstrated. 

There is growing interest in using adiponectin as a biomarker to screen 
new compounds with antidiabetic and vasculoprotective potentials. Using 
this strategy, two structurally related natural compounds (astragaloside II 
and isoastragaloside I) were identified from the medicinal herb Radix Astrag- 
ali that possesses such an activity (Xu et al., 2009). Astragaloside II and 
isoastragaloside I selectively increase adiponectin secretion in primary adi- 
pocytes, and raise circulating concentrations of adiponectin in mice with 
dietary or genetic obesity. Furthermore, chronic treatment with these two 
compounds improves obesity-related insulin resistance and metabolic disor- 
ders through induction of adiponectin (Xu et al., 2009). Whether these two 
natural compounds possess cardiovascular benefits remains to be deter- 
mined. 

B. Chemical Inhibitors of A-FABP 

In light of the etiological role of A-FABP in the pathogenesis of obesity- 
related insulin resistance, metabolic syndrome, and vascular dysfunction, 
pharmacological agents that inhibit A-FABP function may represent a new 
class of therapeutic drugs for prevention of these diseases. Indeed, a number of 
A-FABP inhibitors have already been identified, including carbazole- and 
indole-based inhibitors, benzylamino-6-(trifluoromethyl) pyrimidin-4(lH) 
inhibitors, and a biphenyl azole inhibitor (also known as BMS309403, devel- 
oped by Bristol-Myers Squibb) (Furuhashi & Hotamisligil, 2008). 

Among these A-FABP inhibitors, BMS309403 has been proven to pos- 
sess multiple therapeutic effects in rodent models (Erbay et al., 2009; 
Furuhashi et al., 2007). This small-molecule compound interacts with the 
fatty acid binding pocket within the interior of A-FABP to inhibit binding of 
endogenous fatty acids (Sulsky et al., 2007). The compound is orally active, 
potent, and highly selective to A-FABP over other isoforms of FABP. 
In macrophages, treatment with BMS309403 prevents toxic lipids-induced 
ER stress, JNK activation, production of proinflammatory cytokines as well 
as reduces foam cell formation (Erbay et al., 2009; Hui et al., 2010). In 
animal models, oral administration of BMS309403 improved insulin sensi- 
tivity and glucose tolerance associated with both dietary and genetic obesity 
(Furuhashi et al., 2007). Furthermore, BMS309403 markedly reduced 
the extent of atherosclerotic lesion in apoE~'~ mice (Furuhashi et al., 
2007), and also reversed the impairment in endothelial NO production and 
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vasodilatation (Xu A. and Vanhoutte P. M., unpublished observation). These 
beneficial effects of BMS3 09403 were accompanied by inhibition of JNK 
activity. However, whether the A-FABP inhibitors are effective in humans 
remains to be determined. 



V. Conclusion 



Both clinical data and animal studies consistently demonstrate that 
adiponectin and A-FABP, which are the two most abundant adipokines in 
adipose tissue, exert opposite effects on vascular function. The imbalanced 
production of these two adipokines (decreased adiponectin and elevated 
A-FABP) in obesity is an important contributor to the pathogenesis of 
endothelial dysfunction, hypertension, and atherosclerosis. Both adipokines 
have been proposed as useful therapeutic targets for treating obesity-related 
vascular diseases. Indeed, pharmacological agents that increase adiponectin 
production or inhibit A-FABP activity are effective in treating vascular dis- 
ease in rodent models. 

Despite these promising advances, it is important to note that most of the 
findings on adiponectin and A-FABP were obtained from rodent models. 
Whether the two adipokines possess the same effects in large animals and 
humans awaits further investigation. Although A-FABP is present in the 
bloodstream, whether or not the circulating form of A-FABP plays an endo- 
crine role in modulating vascular function in vivo in humans remain to be 
defined. Further studies on these two major adipokines may not only provide 
an important insight on the crosstalk between adipose tissue and vasculature 
but also bring new hope to develop novel therapeutics for treating vascular 
diseases associated with obesity and diabetes. 
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Abstract 



Erythropoietin (EPO) is a therapeutic product of recombinant DNA 
technology and it has been in clinical use as stimulator of erythropoiesis 
over the last two decades. Identification of EPO and its receptor (EPOR) in 
the cardiovascular system expanded understanding of physiological and 
pathophysiological role of EPO. In experimental models of cardiovascular 
and cerebrovascular disorders, EPO exerts protection either by preventing 
apoptosis of cardiac myocytes, smooth muscle cells, and endothelial cells, or 
by increasing endothelial production of nitric oxide. In addition, EPO stimu- 
lates mobilization of progenitor cells from bone marrow thereby accelerating 
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repair of injured endothelium and neovascularization. A novel signal trans- 
duction pathway involving EPOR — p-common heteroreceptor is postulated 
to enhance EPO-mediated tissue protection. A better understanding of the 
role of |3-common receptor signaling as well as development of novel analogs 
of EPO with enhanced nonhematopoietic protective effects may expand 
clinical application of EPO in prevention and treatment of cardiovascular 
and cerebrovascular disorders. 



I. Introduction 



The humoral regulation of erythropoiesis was identified more than 
50 years ago (Bonsdorff & Jalavisto, 1948). Studies of erythropoietin (EPO) 
had been severely restricted, due to its circulating levels being only picomolar, 
until EPO was purified for the first time in 1977 from human urine (Miyake 
et al, 1977) and the amino acid sequence of human urinary EPO was char- 
acterized (Lai et al., 1986). EPO is a member of the class I family of cytokines 
and is mainly synthesized and secreted by the kidney (Jelkmann, 1992). The 
ability of EPO to stimulate erythropoiesis expanded clinical application of 
recombinant EPO to patients suffering from anemia and chronic kidney dis- 
ease. To date, recombinant EPO is the most successful biotechnology drug and 
indeed is the world's largest selling biopharmaceutical. EPO mediates erythro- 
poiesis by binding to its specific receptor, EPO-receptor (EPOR), expressed on 
the surface of immature erythroblasts (Noguchi et al., 1991). Studies over the 
last decade have demonstrated that EPO and EPOR are expressed in a number 
of cell types including those within the cardiovascular and nervous system, 
suggesting that the effects of EPO extend beyond regulation of erythropoiesis. 

In the cardiovascular system, EPO exerts its effects on cardiac as well as 
on the vascular tissues. EPO and EPOR are expressed in cardiomyocytes, 
vascular endothelial cells, and smooth muscle cells (Ammarguellat et al., 
1996; Anagnostou et al., 1994; Brines & Cerami, 2005). It is important to 
note that high doses are required to observe EPO-induced tissue protection, 
in comparison with doses of EPO required for hematopoietic effects 
(Ammarguellat et al., 1996; Anagnostou et al., 1994; Brines & Cerami, 
2005). Based on the existing studies with these high doses, a tangential 
paradigm evolved. On one hand, protective effects of EPO and the underly- 
ing mechanisms were elucidated in cardiovascular and neurological system, 
prompting initiation of clinical trials in patients with myocardial infarction, 
aneurysmal subarachnoid hemorrhage, and acute stroke. In contrast, adverse 
events associated with EPO therapy were identified, due to its pleiotropic 
effects mainly in the cardiovascular system including hypertension, throm- 
bosis, and augmented tumor angiogenesis. In this review, the present under- 
standing of the beneficial and detrimental cardiovascular effects of EPO will 
be discussed. 
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II. Pharmacokinetics of Erythropoietin 

A. Recombinant Human Erythropoietin 

EPO was produced in Chinese hamster ovary cells by recombinant 
DNA technology (Sasaki et al., 1987, 1988). Following isolation of the 
human erythropoietin gene (Jacobs et al., 1985; Lin et al., 1985), it was 
inserted into and expressed by cultured mammalian cells, which are capable 
of synthesizing unlimited quantities of the hormone. Epoetin a, epoetin (3, 
and epoetin y are analogs of recombinant human EPO (rhEPO) derived 
from a cloned human erythropoietin gene, licensed by international regu- 
latory bodies to stimulate erythropoiesis. All have the same 165 amino acid 
sequences with a molecular weight of 30,400 Da and have the same phar- 
macological actions as native EPO (Jelkmann, 1992). After intravenous 
administration, epoetin is distributed in a volume comparable to the plasma 
volume. Epoetin plasma concentrations decay at a much lower rate after 
subcutaneous than intravenous administration (Table I). Epoetin a and 
epoetin p exhibit some differences in their pharmacokinetic profiles, such 
as elimination half-life, due to differences in glycosylation pattern (Table I; 
Storring et al., 1998). Biological activity of EPO in vivo is abolished when 
EPO is deglycosylated, suggesting that the carbohydrate moiety is essential 
to prevent degradation and to delay clearance of EPO from the circulation 
(Takeuchi & Kobata, 1991). 

Normal serum concentrations of EPO for individuals with normal 
hematocrit range from 4 to 27 mU/mL but EPO levels can be increased 
100-1000 times the normal serum EPO concentration in response to 
hypoxia and anemia (Jelkmann, 1992). Subcutaneous administration of a single 
600 U/kg dose of epoetin a to healthy volunteers produced a peak serum 
concentration of over 1000 mU/mL after 24 h (Ramakrishnan et al., 2004). 
Furthermore, it is important to consider differences in pharmacokinetic profile 
of rhEPO between human, dog, rat, and mouse for achieving the desired 
therapeutic effects with EPO. Indeed, the total body clearance of EPO increases 
in the order human = dog < rat^; mouse (Bleuel et al., 1996; Egrie et al., 1986). 

B. New Generations of Erythropoietin-Related Drugs 
/. Novel Erythropoiesis Stimulating Protein 

The first-generation erythropoiesis stimulating agents were succeeded by 
the development and production of longer-acting EPO analogs. EPO is known 
to be desialylated in vivo, cleared from plasma, and is bound to galactose 
receptors in the liver (Egrie et al., 1993). Thus, there is a direct relationship 
between the amount of sialic acid-containing carbohydrates, plasma half-life, 
and in vivo biological activity, and an inverse relationship with receptor 
affinity (Egrie & Browne, 2001; Egrie et al, 1993; Jelkmann, 1992). 



TABLE I 



Molecular Characterization and Elimination Half-Life of EPO and Its Analogs 



Drug 



Molecule structure 



Route of administration 



Molecular Glycosylation type 

weight (Da) 



Number of Intravenous 
sialic acid (b) 



Subcutaneous 
(b) 



References 



Epoetin oc 


30,400 


3N-linked oligosaccharide 
chains 


Epoetin (3 


30,400 


3N-linked oligosaccharide 
chains 


Darbepoetin 


37,100 


5N-linked oligosaccharide 


a (NESP) 




chains 


CERA 


~ 60,000 


30 kDa methoxy-polyethyl- 
ene glycol polymer chain 



10-14 



10-14 



22 



10-14 



4-8 24 Halstensonetal. (1991), Macdougalletal. 

(1991), McMahon et al. (1990) 
4-10 13-28 Halstenson et al. (1991), Macdougall et al. 

(1991), McMahon et al. (1990) 
~25 ~50 Egrie and Browne (2001), Egrie et al. (2003), 

Macdougall et al. (1999, 2007) 
~134 ~139 Locatelli et al. (2007), Macdougall and 

Eckardt (2006), Provenzano et al. (2007) 
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A second-generation NESP (darbepoetin) was created to test the hypothesis 
that an analog with more sialic acid-containing oligosaccharides than EPO 
would have an extended circulating half-life and thereby an increased in vivo 
biological activity (Egrie et al., 2003; Macdougall et al, 1999). When com- 
pared with rhEPO, darbepoetin is a hyperglycosylated rhEPO analog with two 
extra carbohydrate chains with more sialic acid (Table I) and has a molecular 
weight of 37,100 Da (Macdougall, 2001). The amino acid sequence differs 
from that of native human EPO at five positions (Macdougall, 2001). Darbe- 
poetin has a threefold longer circulating half-life than rhEPO (Table I), and due 
to the pharmacokinetic differences, the relative potency of the two molecules 
varies as a function of the dosing frequency. Darbepoetin a is 3.6-fold more 
potent than rhEPO in increasing the hematocrit of normal mice when each is 
administered thrice weekly, but when the administration frequency is reduced 
to once weekly, darbepoetin a has approximately 13-fold higher in vivo poten- 
cy than rhEPO (Egrie et al, 2003; Macdougall, 2001). 

Epoetin and darbepoetin bind to the EPOR to induce signal transduction 
by the same intracellular molecules as native EPO. However, differences in 
the glycosylation pattern lead to variations in the pharmacodynamic profiles. 
Darbepoetin has approximately fourfold lower EPOR binding activity than 
rhEPO despite higher potency. The apparent paradox is explained by the 
counteracting effects of sialic acid containing carbohydrate on clearance 
(Egrie et al., 2003; Elliott et al., 2004). 

2. Continuous Erythropoietin Receptor Activator 

More recently, a third-generation EPO-related molecule has been man- 
ufactured called continuous EPOR activator (CERA; methoxy polyethylene 
glycol-epoetin P), which was created by inserting a single 30 kDa polymer 
chain into the EPO molecule (Macdougall & Eckardt, 2006). The elimina- 
tion half-life of CERA in humans is considerably increased to about 130 h 
and is comparable after intravenous or subcutaneous administrations 
(Table I; Macdougall et al., 2006). Furthermore, CERA at up to once 
monthly intervals maintains sustained and stable control of hemoglobin 
levels (Locatelli et al., 2007; Provenzano et al., 2007). 



III. Signal Transduction by Erythropoietin 



Survival, proliferation, and differentiation of red blood cells by EPO are 
mediated by activation of the homodimeric EPOR, which belongs to the 
cytokine receptor superfamily (Richmond et al., 2005). Binding of EPO to 
the erythrocytic EPOR induces a conformational change of the homodi- 
meric-EPOR and triggers Janus protein tyrosine kinase 2 (Jak2) phosphory- 
lation and activation (Miura et al., 1994b; Witthuhn et al., 1993). 
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Phosphorylation of Jak2, in turn, phosphorylates several tyrosine residues on 
EPOR providing docking sites for binding of several intracellular proteins 
and activation of multiple signaling cascades. 

The tissue-protective effects of EPO, beyond the hematopoietic system, is 
mediated but not restricted to activation of homodimeric EPOR, but is also 
believed to be mediated by its actions on the heterotrimeric complex consist- 
ing of EPOR and the p-common receptor (PCR, also known as CD131). The 
P-common receptor is a shared receptor subunit of interleukin 3, inter leukin 
5, and granulocyte macrophage-colony-stimulating factor (Brines & Cerami, 
2005; Brines et al., 2004). This heterotrimeric complex is postulated to 
mediate EPO-induced cytoprotection in the nervous system, while the in- 
volvement of EPOR-PCR complex in EPO-mediated protection in the car- 
diovascular system has not yet been demonstrated. Nevertheless, following 
binding of EPO to either homodimeric or heterotrimeric receptor complex 
activates Jak2. Signal transduction pathways mediating tissue protection in 
the cardiovascular system activated by EPO-induced phosphorylation by 
Jak2 are shown in Fig. 1 . 

Stimulation with EPO, on one hand, activates the phosphatidylinositol 
3-kinase (PI3K) signaling by recruiting its p85 regulatory subunit to EPOR 
(Miura et al., 1994a). Phosphorylation and activation of PI3K is coupled to 
activation of protein kinase B/Akt, a pathway known to stimulate antia- 
poptotic signals that facilitate the inhibition of mitochondrial cytochrome c 
release, in part by translocating proapoptotic Bad to mitochondria, and 
help maintain mitochondrial membrane potential (Fig. 1). EPO-induced Akt 
activation prevents nuclear translocation of the proapoptotic forkhead 
transcription factor FOX03a by facilitating its binding with the protein 
14-3-3 (Chong & Maiese, 2007). In addition, EPO stimulation in the 
myocardium may lead to phosphorylation and inhibition of glycogen 
synthase kinase-3p (GSK-3P) in either an Akt-dependent or an independent 
mechanism (Miki et al., 2009; Nishihara et al., 2006). In peripheral and 
cerebral vasculature, activation of Akt by EPO phosphorylates endothelial 
nitric oxide synthase (eNOS) and increases nitric oxide (NO) production 
(d'Uscio et al., 2007; Santhanam et al., 2005, 2006). Akt activation may 
also prevent activation of caspase-9 to prevent apoptosis in the cerebral 
vasculature (Chong et al., 2003). 

Phosphorylation of Jak2 may directly activate inhibitor of nuclear 
factor kB kinase (IkB kinase or IKK), or indirectly activate Akt to stimu- 
late nuclear translocation of nuclear factor kB (NFkB) for nuclear tran- 
scription (Fig. 1) and exerts cardioprotection (Xu et al., 2005). In isolated 
perfused rabbit hearts, EPO has been shown to protect the heart against 
ischemia by activating signal transducer and activator of transcription 
(STAT-5) and/or mitogen-activated protein kinase (MAPK) pathway 
(Rafiee et al., 2005). 
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FIGURE I Signaling pathways mediating EPO-induced protection in the cardiovascular 
system. Binding of EPO to either the homodimeric EPO-receptor (EPOR) complex or the 
heterotrimeric EPOR-PCR complex first activates Janus tyrosine kinase 2 (Jak2). Phosphoryla- 
tion and activation of Jak2 recruits secondary messengers and activates secondary signaling 
pathways including phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase 
(MAPK), and nuclear factor kB (NFkB). Some of the pathways mediating EPO-mediated 
protection are similar to those mediating erythropoiesis or neuroprotection. In particular, 
EPO-mediated inhibition of apoptosis involves activation of protein kinase B/Akt to inhibit 
caspase-9 or activate NF/cB or inhibit Bad, or stimulate signal transducer and activator of 
transcription (STAT), or MAPK pathway to increase antiapoptotic messengers in the mitochon- 
dria including Bcl-2 and Bcl-xL. The most common pathway for EPO-mediated cardioprotection 
as well as vascular protection is EPO-induced augmentation of nitric oxide (NO) production by 
PI3K/Akt phosphorylation and activation of endothelial nitric oxide synthase (eNOS). EPO is 
also shown to regulate intracellular Ca 2+ by activating phospholipase C (PLC). 



IV. Mechanisms of Vascular Protective Effects of 
Erythropoietin 



A. Erythropoietin and Endothelial Nitric Oxide Synthase 

NO is a potent vasodilator and plays a key role in control of the 
cardiovascular system (Liischer & Vanhoutte, 1990). NO is formed in endo- 
thelial cells from L-arginine by oxidation of its terminal guanidino-nitrogen, 
requiring the cofactors (6R)-5,6,7,8-tetrahydrobiopterin (BH 4 ), nicotin- 
amide adenine dinucleotide phosphate-oxidase, flavin adenine dinucleotide, 
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heme, and Zn 2+ (Ignarro, 1990; Palmer et al., 1987, 1988; Raman et al, 
1998). The formation of NO occurs by activation of eNOS, which is 
expressed constitutively (Forstermann et al., 1991; Pollock et al., 1991). 
Relaxations in response to the abluminal release of endothelium-derived 
NO are associated with stimulation of soluble guanylyl cyclase and in turn 
formation of cyclic guanosine 3',5'-monophosphate (cGMP) in vascular 
smooth muscle cells (Rapoport et al., 1983). 

Accumulating experimental evidence suggests that EPO can exert none- 
rythropoietic effects in vascular endothelium and is increasingly regarded as a 
potent tissue-protective cytokine. Indeed, EPO decreases tissue damage by 
inhibition of apoptosis and reduction of inflammatory cytokines (Burger 
et al, 2006; Iversen et al., 1999; Li et al, 2006; Rui et al, 2005). Indeed, 
in vitro treatment with low dose of rhEPO increased eNOS protein expression 
and N0 2 ~/N0 3 ~ levels in cultured endothelial cells (Table II; Banerjee et al., 
2000; Beleslin-Cokic et al, 2004; Wu et al., 1999). However, incubation of 
human coronary artery endothelial cells with high dose of rhEPO for 24 h 
inhibited eNOS expression and NO production (Wang & Vaziri, 1999). More- 
over, asymmetric dimethylarginine concentrations were increased after high 
dose of rhEPO or NESP over longer period leading to a significant reduction of 
NO synthesis in cultured endothelial cells (Table II) suggesting that high dose of 
EPO may have detrimental effects on endothelial function (Scalera et al., 2005). 

As illustrated in Table III, in vivo treatment with rhEPO has been shown 
to increase urinary N02~/N03~ levels in normotensive rats (del Castillo 
et al., 1995; Tsukahara et al., 1997), increase vascular eNOS phosphoryla- 
tion and eNOS protein expressions (d'Uscio et al., 2007; Kanagy et al., 2003; 
Ruschitzka et al., 2000), improve endothelium-dependent relaxations in 
isolated aortas of rats and mice (Iversen et al., 1999; Kanagy et al., 2003; 
Ruschitzka et al., 2000; Tsukahara et al., 1997), and improve endothelial 
function in predialysis patients (Kuriyama et al., 1996). Furthermore, in 
transgenic mice overexpression of human EPO markedly increased aortic 
eNOS protein expression, NO-mediated endothelium-dependent relaxation, 
and circulating and vascular tissue NO levels (Table III). These mice do not 
develop hypertension, stroke, myocardial infarction, or thromboembolic 
complications despite excessive erythrocytosis exhibiting very high hemato- 
crit levels of 80% (Ruschitzka et al., 2000). The increased NO production in 
these animals appears to counteract increased expression of potent vasocon- 
strictor endothelin-1 (ET-1) (Quaschning et al., 2003). Indeed, EPO trans- 
genic mice treated with the NO synthase inhibitor exhibited high systolic 
blood pressure and showed increased mortality, whereas wild-type siblings 
developed only hypertension (Ruschitzka et al., 2000). Despite concomitant 
activation of the ET-1 system observed in transgenic mice, elevated NO levels 
led to a pronounced vasodilation, thereby protecting the transgenic animals 
from cardiovascular complications. Consistent with this concept, studies on 
cultured endothelial cells demonstrated that inactivation of NO synthesis 



TABLE II In Vitro Effects of Recombinant Human EPO on eNOS Expression in Cultured Endothelial Cells 



Cell type 



Dose of 
rhEPO 

(U/mL) 



Treatment Reguation 
duration 



Method of detection 



References 



Human umbilical vein endothelial 0.1, 1, 20, 8 h 

cells and 40 

Human umbilical vein, dermis, and 4 1-6 days 

pulmonary artery endothelial cells 
Human bone marrow microvascular 5 1 h 

endothelial cells 
Human umbilical vein endothelial 5 0.5 h 

cells 
Bovine aortic endothelial cells 0.1-10 1-24 h 

Human artery endothelial cells 5 1 h 

Human coronary artery endothelial 5 and 20 24 h 

cells 
Human umbilical vein endothelial 10, 50, 100, 24 h 

cells and 200 



Upregulation 
Upregulation 
Upregulation 
Upregulation 



N0 2 /NO, bioassay 

RT-PCR, L-arginine-to-L-citrulline 

conversion assay 
Western blot, NO, - bioassay 

NO, - bioassay 



No change Western blot 

No change Western blot, NO,~ bioassay 

Downregulation Western blot, N0 2 ~/N03~ 

bioassay 
Downregulation N0 2 ~/N03~ bioassay 



Wuetal. (1999) 

Banerjee et al. (2000) 

Beleslin-Cokic et al. (2004) 

Beleslin-Cokic et al. (2004) 

Lopez Ongil et al. (1996) 
Beleslin-Cokic et al.( 2004) 
Wang and Vaziri (1999) 

Scalera et al. (2005) 



rhEPO, recombinant human erythropoietin; eNOS, endothelial nitric oxide synthase; N0 2 , nitrite; NO3 , nitrate. 



TABLE III In Vivo Effects of Recombinant Human EPO on Vascular eNOS in Animal Studies 



Animal species Dose of rhEPO 



Treatment Cell tissue Result 

duration 

(week) 



Method of detection 



References 



Nephrectomized 
Sprague-Daw- 
ley rat 

Rabbit 



Sprague-Dawley 
rat 

Sprague-Dawley 

rat 
Sprague-Dawley 

rat 



EPO-transgenic 
mice 



C57BL/6 mice 
C57BL/6 mice 



150 U/kg, intraperitoneal, 6 
twice a week 

400 U/kg, intravenous, each 1 
other day 

100 or 300 U/kg, 2 

subcutaneous, each other 

day 
150 U/kg, subcutaneous, 3 

three times per week 
~160U/kg/day, 2 

subcutaneous 



n/a 



n/a 



1000 U/kg, subcutaneous, 2 

twice a week 
1000 U/kg, intraperitoneal, 2 

for the initial 3 days 



Thoracic No change Western blot, NOx bioassay 

aorta 

Carotid No change Endothelium-dependent 

artery vasodilation studies in 

isolated artery 
Urine Upregulation NOx bioassay 



Urine Upregulation NOx bioassay 

Thoracic Upregulation Western blot, NOx bioassay, 

aorta endothelium-dependent 

vasodilation studies in 
isolated aorta 

Aorta Upregulation Western blot, NOx bioassay, 

endothelium-dependent 
vasodilation studies in 
isolated aorta 

Aorta Upregulation Western blot 

Endothelial Upregulation Immunohistochemistry, NOx 
progeni- bioassay 

tor cells 



Nietal. (1 

Noguchietal. (2001) 

Tsukahara et al. (1997) 

del Castillo et al. (1995) 
Kanagy etal. (2003) 

Ruschitzka et al. (2000) 

d'Uscio et al. (2007) 
Urao et al. (2006) 
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caused increased production of ET-1 (Boulanger & Liischer, 1990). In addi- 
tion, EPO increased systolic blood pressure, accelerated thrombus formation, 
and exacerbated medial thickening of injured carotid arteries in eNOS- 
deficient mice (Fig. 2; d'Uscio et al., 2007; Lindenblatt et al., 2007). These 
observations underscore the importance of eNOS during vascular adaptation 
to increased circulating levels of EPO. 

Because of an increased number of circulating red blood cells by EPO, 
subsequent increase in shear stress is a powerful stimulus for upregulation of 
eNOS in endothelial cells (Berk et al., 1995; Boo et al., 2002; Davis et al, 
2001; Lam et al., 2006; Ruschitzka et al., 2000). However, administration of 
EPO for 3 days, although not affecting the number of circulating red blood 
cells, stimulated phosphorylation of eNOS to a similar degree as did treat- 
ment with EPO for 14 days. These findings suggest that EPO has a direct 
stimulatory effect on phosphorylation of eNOS in vascular endothelium and 
that this effect is independent of hematopoietic effects of EPO (d'Uscio et al., 
2007). Most recently, it was demonstrated that activation of eNOS by 
hypoxia was abolished in EPOR-deficient mice, the latter mutants also 
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FIGURE 2 Morphological studies of carotid arteries of eNOS-deficient mice undertaken 14 
days after injury. Carotid arteries were stained with standard Verhoeff van-Giessen. Representa- 
tive photomicrographs of uninjured carotid arteries (A), carotid arteries after injury (B), and 
injured carotid arteries of eNOS-deficient mice treated with EPO for 14 days (C). The media is 
demarcated by internal elastic lamina (open arrow) and external elastic lamina (black arrow). 
Original magnification 200x. Size bar = 50 u.m. (D) Quantitative histomorphometric analyses of 
medial CSA in carotid arteries of eNOS-deficient mice without (— ) and with (+) EPO treatment. 
Data are shown as means±SEM (n = 4-6). *P<0.05 versus control uninjured; 'P<0.05 versus 
uninjured + EPO (ANOVA with Bonferroni's) (d'Uscio et al., 2007). 
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exhibiting an exacerbation of pulmonary hypertension and vascular injury. 
These findings suggest that the vascular protective effects of EPO are depen- 
dent on NO production via activation of the EPOR in endothelial cells 
(Beleslin-Cokic et al., 2004; Satoh et al., 2006). 

B. Erythropoietin and Protein Kinase B/Akt 

As discussed earlier, EPO elicits phosphorylation of Akt and this is depen- 
dent upon the activation of Jak2 and PI3K. Numerous studies demonstrated the 
tissue-protective effects of both rhEPO- and darbepoetin a-mediated by phos- 
phorylation of Akt and a subsequent increase in the production of NO 
(Bahlmann et al., 2004b; Chong & Maiese, 2007; Chong et al., 2002; d'Uscio 
& Katusic, 2008; Lindenblatt et al., 2007; Santhanam et al., 2006). To date, the 
cardiovascular effects of third generation of EPO analogs are largely unknown. 

C. Erythropoietin and Tetrahydrobiopterin 

Tetrahydrobiopterin (BH 4 ) is an essential cofactor required for enzymat- 
ic activity of eNOS (Raman et al., 1998). The biosynthesis of BH 4 is depen- 
dent on activity of the rate-limiting enzyme GTP-cyclohydrolase I (GTPCH I) 
(Nichol et al., 1985). Recent study showed that EPO causes an increase in 
intracellular levels of BH 4 via activation of GTPCH I (d'Uscio & Katusic, 
2008). Pharmacological inhibition of Jak2 with AG490 abolished EPO- 
induced BH 4 biosynthesis, suggesting that increased phosphorylation and 
activation of Jak2 are the molecular mechanisms underlying the observed 
effect of EPO on BH 4 synthesis. Further analysis revealed that PI3K activity is 
an upstream activator of Aktl, because pharmacological and genetic inacti- 
vation of PBK/Aktl abolishes the stimulatory effects of EPO on GTPCH I 
activity and biosynthesis of BH 4 in mouse aorta (d'Uscio & Katusic, 2008). 
The ability of EPO to upregulate GTPCH I activity and eNOS phosphoryla- 
tion in a coordinated fashion is most likely designed to optimize the produc- 
tion of NO in vascular endothelium. 

D. Erythropoietin and Antioxidant Enzymes 

The local concentrations of NO in arterial wall are not only dependent 
on enzymatic activity of eNOS but are also determined by concentrations of 
superoxide anions (Harrison, 1994). Indeed, recent study showed that in 
wild-type mice, treatment with EPO increases vascular CuZn superoxide 
dismutase (SOD1) expression and effectively prevents vascular remodeling 
after carotid artery injury (d'Uscio et al., 2010). In contrast, genetic inactiva- 
tion of SOD1 abolished ability of EPO to reduce concentrations of superox- 
ide anions thereby suggesting that EPO exerts antioxidant effect in blood 
vessel wall by regulating expression and activity of SOD1 protein. 
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E. Adverse Effects of Erythropoietin 

Normally, endothelial cells contribute to the regulation of blood pressure 
and blood flow by releasing vasodilators such as NO and prostacyclin, as well 
as vasoconstrictors including ET-1 and prostanoids (Liischer & Vanhoutte, 
1990). Long-term administration of rhEPO has been associated with hyper- 
tension (Krapf & Hulter, 2009). The mechanisms of hypertension induced by 
long-term administration of EPO include increased cytoplasmic Ca 2+ concen- 
trations and increased ET-1 production leading to a blunted response to the 
vasodilator NO in rabbits and rats (Bode-Boger et al., 1992; Vaziri et al, 
1995). Chronic use of EPO raises cytosolic Ca 2+ concentration in smooth 
muscle cells, endothelial cells, or platelets (Neusser et al., 1993; Van Geet et al., 
1990; Vaziri et al., 1996) and in turn, may contribute to impaired responses to 
NO donors. It is also suggested that EPO, at doses exceeding 200 U/mL, 
activates tyrosine phosphorylation of phospholipase Oy, which hydrolyzes 
phosphatidyinositol bisphosphate to inositol 1,4,5-triphosphate and diacylgly- 
cerol. These second messengers may, in turn, elevate Ca 2+ concentration as 
well as activate protein kinase C in vascular smooth muscle cells (Akimoto 
et al., 1999, 2001). Similar doses of EPO (200 U/mL) released ET-1 and 
increased constrictor prostanoids over dilator prostanoids in vitro in endothe- 
lial cells (Bode-Boger et al., 1996; Krapf & Hulter, 2009) and these observa- 
tions may help to explain EPO-induced hypertension observed in animals and 
in humans. One implication of these results is that endothelial dysfunction 
predisposes to EPO-dependent hypertension. In a recent study, EPO treatment 
caused hypertension in rats treated in combination with a NOS inhibitor but 
not in rats treated with EPO alone (Moreau et al, 2000). In addition, a study 
using polycythemic mice overexpressing rhEPO observed that NOS blockade 
caused the normotensive polycythemic mice to develop hypertension 
(Ruschitzka et al, 2000). Therefore, erythropoiesis with a raised hematocrit 
is not likely associated with an increased risk for hypertension and thrombosis 
as long as endothelial NO production serves as compensatory mechanism 
(d'Uscio & Katusic, 2008; d'Uscio et al., 2007; Lindenblatt et al., 2007; 
Moreau et al., 2000). Impaired endothelial-dependent dilation in hypertensives 
(Spieker et al, 2000) as well as in hemodialyzed patients (Joannides et al., 
1997) and the impaired ability to synthesize endothelial NO may increase 
susceptibility to EPO-induced hypertension. 

V. Erythropoietin and Cardioprotection 



Endogenous EPO system facilitates cardiomyocyte survival after ischemia- 
reperfusion injury and accelerates left ventricular remodeling (Tada et al., 
2006). Deficiency of endogenous EPO-EPOR system resulted in acceleration 
of pressure overload-induced cardiac dysfunction by accelerating left ventricu- 
lar hypertrophy, dysfunction, and reduced survival (Asaumi et al., 2007). 
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Therapeutic potential of EPO to exert cardioprotection was demonstrated 
in models of myocardial ischemia wherein EPO inhibited apoptosis and 
augmented survival of cardiac myocytes (Calvillo et al., 2003; Parsa et al., 
2003), mediated in part, by activating EPOR expressed on the cardiac 
myocytes (Wright et al., 2004). Favorable results from numerous studies 
offered promise for administering EPO to treat myocardial infarction 
(Cai et al., 2003; Calvillo et al., 2003; Moon et al., 2003; Parsa et al, 2003; 
Wright et al., 2004). 

However, subsequent in vitro studies identified activation of multiple 
signaling pathways in EPO-induced cardioprotection (Rafiee et al., 2005; Shi 
et al, 2004). In particular, EPO-mediated cardioprotection involves activation 
of one or more of the following pathways: Jak/STAT, Jak2/PI3K7Akt/GSK3p, 
Jak2/MAPK as well as activation of protein kinase Cs. Cardioprotection by 
EPO also seems to be mediated by activation of potassium channels, in 
particular, K ATP and mitochondrial calcium-activated potassium channels 
(Shi et al., 2004). Administration of EPO before ischemia, at the onset of 
ischemia, or after reperfusion triggered response mimicking preconditioning 
in the ischemic myocardium (Baker, 2005; Gross & Gross, 2006; Parsa et al., 
2003). However, the role of EPOR in this supposed preconditioning response 
remains to be clarified. In addition, the ability of EPO to stimulate eNOS 
activation may also facilitate cardiomyocyte survival, as observed during 
hypoxia-induced apoptosis of cardiac myocytes (Burger et al., 2006). As 
mentioned earlier, the doses of EPO for cardioprotection far-exceeded the 
doses of EPO used in treatment of anemia and clinical translations of these 
results may be hampered by the onset of widely reported adverse events. In this 
regard, understanding of the role of EPOR-pCR receptor complex may help 
expand clinical applications of nonhematopoietic analogs of EPO to cardio- 
protection. Recent success with carbamylated EPO, which selectively binds to 
EPOR-pCR heteromer, in a mouse model of ischemia-reperfusion injury 
(Xu et al., 2009) provides a promising outlook toward expanding tissue 
protection by EPO in the clinic to cardioprotection. 

Occurrence of anemia as a risk factor for morbidity and mortality in 
patients with chronic heart failure necessitated evaluation of EPO in clinical 
trials. Randomized, single-center studies successfully demonstrated treat- 
ment of anemia in patients with mild, moderate, or severe heart failure 
with associated improvement in exercise capacity, cardiac and renal func- 
tion, and reduced use of diuretics (Mancini et al., 2003; Namiuchi et al., 
2005; Palazzuoli et al., 2006; Silverberg et al., 2001). Recently, three trials 
evaluated the safety and efficacy of darbepoetin a (0.75 ug/kg once every 
2 weeks) in symptomatic heart failure patients (Ghali et al., 2008; 
Ponikowski et al., 2007; van Veldhuisen et al., 2007). Incidence of adverse 
events in these trials was similar between placebo- and darbepoetin a-treated 
patients (Klapholz et al., 2009), while an increase in hemoglobin with 
darbepoetin a treatment tended to correlate with improved health-related 
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quality of life. Results obtained in these clinical trials extend support as a 
proof of concept and encourage the need for larger outcome trials for 
treatment of anemia with erythropoiesis-stimulating agents. 

In addition to treatment of anemia, results from preclinical studies attri- 
bute multiple mechanisms of protection by EPO against myocardial disorders. 
Treatment with EPO may decrease apoptosis of myocytes, induce neovascu- 
larization by promoting myocardial angiogenesis, reduce collagen deposition 
in ischemic myocardium, and improve left ventricular function. Employing 
either nonhematopoietic analogs of EPO or a novel EPO delivery system 
(Kobayashi et al., 2008) may expand therapeutic boundaries for EPO- 
mediated cardioprotection. Success from these studies will lay the frame 
work for future clinical evaluation in the treatment of myocardial infarction. 



VI. Erythropoietin and Cerebrovascular Disorders 



Identification of EPO and EPOR in the brain (Masuda et al., 1994; Tan 
et al., 1992) expanded investigations into the tissue-protective effects of EPO, 
beyond the hematopoietic system. Initial research ascribed EPO -mediated pro- 
tection to the cytokine's ability to inhibit apoptosis in tissues adjacent to a 
pathological insult in the brain. The current understanding of the tissue-protec- 
tive effects of EPO in the nervous system involves interaction of the nonhema- 
topoietic PCR with the classical EPOR and subsequent activation of multiple 
signaling cascades, as reviewed by Brines and Cerami (2005). In the nervous 
system, EPO mediates neuroprotection following ischemic, hypoxic, metabolic, 
neurotoxic, and excitotoxic stress (Gene et al., 2004). EPO-mediated protective 
effects in the brain may involve one or more of the following mechanisms: 
(a) prevention of excitatory aminoacid release, (b) inhibition of apoptosis, 
(c) antioxidant effects, (d) anti-inflammatory effects, and (e) stimulation of 
neurogenesis and angiogenesis. 

EPO exhibits higher affinity for endothelium of cerebral arteries as com- 
pared to neuronal cells (Brines & Cerami, 2006). Prior studies have demon- 
strated that EPO activates cerebrovascular protective mechanisms (Grasso, 
2004; Grasso et al., 2002; Santhanam et al., 2005, 2006). In cerebral arteries 
exposed to recombinant EPO, the expressions of eNOS and its phosphorylated 
(SI 177) form were increased. Basal levels of cGMP were also significantly 
elevated consistent with increased NO production. Overexpression of EPO in 
cerebral arteries reversed vasospasm in rabbits induced by injection of autolo- 
gous blood into cisterna magna. Arteries-transduced with recombinant EPO 
demonstrated significant augmentation of the endothelium-dependent relaxa- 
tions to acetylcholine. Overexpression of EPO further increased the expression 
of phosphorylated Akt and eNOS and elevated basal levels of cGMP in the 
spastic arteries (Santhanam et al., 2005). Cerebrovascular protective effects 
of EPO against cerebral vasospasm following experimental subarachnoid 
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hemorrhage may appear to be mediated in part by phosphorylation and 
activation of endothelial Akt/eNOS pathway. 

Administration of EPO into the brain reduced neurological dysfunction in 
rodent models of stroke (Bernaudin et al., 1999; Brines et al., 2000; Sadamoto 
et al., 1998; Sakanaka et al., 1998; Siren et al., 2001). Following the success of 
EPO in preclinical models of stroke and cerebral ischemia, a successful proof- 
of-concept clinical trial demonstrated that intravenously injected EPO was well 
tolerated in patients with acute ischemic stroke (Ehrenreich et al., 2002). 
In addition, outcomes from a recent Phase II trial report beneficial effect of 
EPO, as observed from a reduction in delayed ischemic deficits after aneurys- 
mal subarachnoid hemorrhage (Tseng et al., 2009). 

However, results from the German Multicenter EPO Stroke Phase II/III 
trial warrant caution in administering EPO with thrombolytics in patients 
with acute stroke (Ehrenreich et al., 2009). In this trial, patients receiving 
EPO alone demonstrated a reduction in National Institute of Health Stroke 
Scale (NIHSS) score from day 1 to day 90, an index of improved neurological 
outcome. On the contrary, when combined with thrombolytic recombinant 
tissue plasminogen activator, patients receiving EPO demonstrated increased 
risk of complications including death, intracerebral hemorrhage, brain 
edema, and thromboembolic events compared to patients receiving placebo. 
Further understanding of the complex interactions between different compo- 
nents of the cardiovascular system initiated by EPO is necessary for designing 
better strategies to maximize therapeutic potential of this cytokine. 

With new evidence pointing toward the role of nonhematopoietic PCR in 
EPO-mediated tissue-protective effects (Grasso et al., 2004), use of nonerythro- 
cytic analogs of EPO currently under development offers promise of therapy as 
adjunct for patients with stroke and other cerebral vascular disorders with 
enhanced safety and reduced adverse effects. Another novel strategy currently 
investigated for acute stroke has employed the neurotrophic ability of EPO to 
differentiate neural progenitor cells into neurons. The Phase lib prospective 
randomized, double-blind study of NTx™-265, comprising human chorionic 
gonadotrophin (for proliferation of endogenous neural stem cells) and EPO 
(to differentiate these neural stem cells) aims to improve neurological outcome 
in acute stroke patients, and was based on the success of preclinical studies 
adopting similar strategy in rats (Belayev et al., 2009). 



VII. Erythropoietin and Progenitor Cells 



Seminal studies by Heeschen et al. (2003) demonstrated that circulating 
levels of EPO in humans significantly correlated with the number of stem and 
progenitor cells in the bone marrow as well as to the number and function of 
circulating progenitor cells. In addition, treatment of mice with EPO 
increased the number of stem and progenitor cells in the bone marrow as 
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well as an increase in the number of peripheral blood endothelial progenitor 
cells (EPCs), suggestive of stimulation of mobilization by EPO. Indeed, 
mobilization of progenitor cells by EPO-stimulated postnatal neovascular- 
ization in a model of hind limb ischemia (Heeschen et al., 2003; Kato et al., 
2010; Li et al., 2009). Numerous studies, subsequently, have established a 
crucial proangiogenic role of EPO, as indicated by enhanced mobilization of 



TABLE IV Contribution to Vascular Repair by Progenitor Cells Mobilized by EPO 



Species Dose of EPO Functional outcome 



Pbenotype of 


References 


mobilized 




progenitor cells 




Lin-1 + /Sca-1 + 


Heeschen 


stem cells 


et al. 


Sca-1+/Flk-1+ 


(2003) 


or CD34 + / 




Flk-1 + cells 




CD34+/CD45+ 


Bahlmann 


cells 


etal. 


UEA-1+/ 


(2004a) 


acLDL-DiI + 




cells 




CD45dim/Flk- 


Urao et al. 


1 + cells 


(2006) 


Sca-1 + /Flk-1+ 




cells 




CXCR4+/ 


Jin et al. 


VEGFR1+- 


(2006) 


hemangio- 




cytes 




CD34 + -mono- 


Hirata et al. 


nuclear cells 


(2006) 


Di-acLDL + / 




UEA-I cells 




Ac-LDL + / 


Westenbrink 


Lectin + cells 


etal. 


per high 


(2007) 


powered field 




Lin-1~/Sca-1 + / 


Santhanam 


c-Kit + cells 


etal. 


CD34 + /Flk-1 + 


(2008) 


cells 




Ter-llST/ 


Janmaat 


CD451o/c- 


etal. 


Kit + /Sca-1 + 


(2010) 


cells 





Mice, 1000 U/kg 

hum- 



Humans 5000 ± 674 U 



Mice 1000 U/kg 



Mice 100 U 



Dogs 1000 U/kg 



Rats 40 ug/kg 



Increased angiogenesis in mod- 
els of disk neovascularization 
and hind limb ischemia 



Increased angiogenesis in EPCs 
of patients exposed to EPO 



Inhibition of neointimal hyper- 
plasia after wire injury of 
femoral artery 

Accelerated revascularization in 
a model of hind limb ischemia 



Augmented neovascularization 
in a model of myocardial in- 
farction 

Increased functional neovascu- 
larization following acute 
myocardial infarction 



Mice 1000 U/kg Epo-induced mobilization im- 

paired in eNOS mice 



Mice 500 U/Kkg 



Acceleration of smooth muscle 
lesion formation by EPO in a 
model of carotid artery liga- 
tion 



This table summarizes the results from studies wherein EPO was administered to stimulate 
mobilization of progenitor cells in a model of vascular injury. Studies relating increased endoge- 
nous levels of EPO with enhanced mobilization of progenitor cells and their contribution to 
vascular repair have not been discussed. 
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progenitor cells, to elicit vascular repair. As illustrated in Table IV, treatment 
with EPO significantly augments mobilization of diverse population of pro- 
genitor cells from bone marrow distinguished by their distinct phenotype 
and, in turn, the mobilized progenitor cells contributed to either neovascu- 
larization or repair of denuded endothelium. 

Multiple mechanisms are likely to mediate mobilization of progenitor cells 
by EPO (Aicher et al, 2005; Heeschen et al., 2003; Urao et al., 2006). Prior 
studies from our laboratory have demonstrated that activation of endothelial 
nitric oxide synthase is critical to EPO-induced mobilization of hematopoietic 
stem and progenitor cells and CD34 + /Flk-1 + EPCs (Santhanam et al., 2008). 
The ability of EPO to upregulate the antioxidant capacity of EPCs, in particu- 
lar, activation of SOD1 may also help to explain the pronounced vascular 
protection observed with this pleiotropic cytokine (He et al., 2005). 

Endogenous EPO-EPOR system in the vasculature also dictates mobili- 
zation of progenitor cells and facilitates vascular repair. Satoh et al. (2006) 
successfully demonstrated this crucial role of endogenous EPO-EPOR using 
EPOR null mutant mice that expresses EPO-R exclusively in the erythroid 
lineage (EPOR rescued mice). Lack of EPOR signaling in the hematopoie- 
tic system resulted in attenuated mobilization of Flk-1 + /CD133 + EPCs 
(hematopoietic progenitor cell population; Satoh et al., 2006), as well as 
alteration in VEGF/VEGFR signaling and impaired recovery after hind limb 
ischemia in mice (Nakano et al., 2007). During hypoxia-induced pulmonary 
hypertension, in addition to impaired endogenous mobilization, recruitment 
of administered progenitor cells was impaired in EPOR ' rescued mice 
(Satoh et al., 2006). It is likely that endogenous EPO-mediated effects are 
not restricted to its effects on mature vascular cells, but also contributes to 
mobilization, recruitment, and activation of progenitor cells as demonstrated 
either in hypoxia-induced pulmonary hypertension (Satoh et al., 2006) or in 
a model of myocardial ischemia and reperfusion (Tada et al., 2006). Elevated 
plasma levels of EPO in patients with acute myocardial infarction correlated 
with mobilization of CD34+/CD133+/VEGFR2+ EPCs (Ferrario et al., 
2007). It is therefore likely that the extent of alteration of endogenous EPO 
levels following a cardiovascular insult may dictate the proportion of endog- 
enous progenitor cells mobilized in the mononuclear cell population, which 
in turn, may contribute to the extent of damage or repair. 



VIM. Conclusion 



Extensive research has demonstrated that not only does EPO affect the 
hematopoietic system but it also plays an important role in control of 
cardiovascular system. EPO has been shown to be vascular protective by 
exerting its effects on the endothelial cells and vascular smooth muscle cells. 
Tissue-protective effects of EPO on the vasculature are mediated, in part, by 
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prevention of apoptosis or stimulation of endothelial nitric oxide production 
and augmented vasodilatation. In addition, EPO regulates mobilization of 
proangiogenic cells, including EPCs, from the bone marrow and stimulates 
neovascularization. EPO may exert its beneficial effects on the vasculature by 
acting through its homodimeric EPOR or through EPOR-f3CR and activa- 
tion of Jak2 to stimulate PBK/Akt, NFkB, and MAPK signaling pathways. 
Further studies are however needed to clarify the receptor (s) involved in 
protective effects of EPO in different vascular cell types and injury models. 
In addition, exacerbation of injury in EPO-treated mice deficient in either 
eNOS or CuZn superoxide dismutase highlights the critical role of endoge- 
nous NO or antioxidant defense mechanisms in triggering adaptation of 
vascular wall to elevated doses of EPO, commonly used in preclinical and 
clinical settings. These studies may help to explain the adverse events pre- 
cluding the clinical use of EPO in treatment of cardiovascular and neurologi- 
cal disorders. 

Results obtained from clinical trials with EPO on cerebrovascular dis- 
orders, conducted over the last decade, suggest EPO as a promising lead 
toward designing and developing novel strategies for these disorders. Future 
research on better understanding of protective effects of the nonhematopoie- 
tic analogs of EPO as well as harnessing the EPO-induced ability to stimulate 
progenitor cell function may favor therapeutic benefits with minimal side 
effects associated with this pleiotropic cytokine. 
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EPO erythropoietin 

EPOR erythropoietin receptor 

PCR p-common receptor 
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Jak2 Janus kinase 2 

NFkB nuclear factor k B 

STAT-5 signal transducer and activator of transcription 5 
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NO nitric oxide 
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